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ABSTRACT

The development and deployment of clean energy to free us from fossil energy

is one of the most urgent issues of the world nowadays, building upon bold and novel

attempts and successes by scientists and engineers. The Electric Vehicle (EV) is one of

the successful technological innovations that replace traditional petroleum fuels with

clean energy for propulsion. EVs not only reduce the consumption of fossil energy but

also can provide electric storage linked to clean energy output from wind energy and

solar energy through Vehicle-to-Grid (V2G) technology. V2G o�ers a cost-e�ective

method to make EVs be the extended storage devices of the grid when they are idle,

and also able to be a resource to serve the grid with associated cables and connection

terminals to the grid. V2G technology has been applied to various markets and regions

that involve to improve the performance of balancing services, primary reserves, and

peak load reduction. Electric Vehicle Supply Equipment (EVSE), like the terminal

of the V2G system which links the EVs to the grid, is remotely controlled by an

aggregator. Since the V2G services are based on real-time data monitoring and utility

control, a certi�ed accurate and fast-responding energy metering module is essential to

commercial grid services from a V2G system. Therefore, an embedded metering module

that complies with the relevant grid metering standards and/or EVSE standards is one

of the topics that will be discussed in this dissertation.

Vehicle-to-Everything (V2X) is a term referring to V2G as well as other vehicle-

sourced power con�gurations. V2X is one step forward in the idea of bi-directional

energy transmission of electric vehicle energy storage. V2X attempts to make the

range of loads powered by EVs more diversi�ed, not just limited to power the grid in

V2G. EVs, as a transportation tool, are power consumption appliances but also can be

treated as a power source, drawing from storage to power other electrical appliances

xv



by V2X technology, even a micro-grid system. Depending on where the power 
ows

into, V2X can be sub-classi�ed into V2V (Vehicle to Vehicle), V2L (Vehicle to Load),

and backup power|the latter sometimes referred to as V2H (Vehicle to Home), or

V2B (Vehicle to Building). To establish a V2X power source, there are three main

components: the donor EV, the recipient load, and the charging cable connecting these

two. In the second part of this dissertation, the structure of V2X will be included

and mainly focus on design and test the prototype of a V2X specialized charging

cable which based on J1772 product. Since V2X specialized charging cable is inspired

by the temperature monitoring project that based on 1-Wire communication sensor.

The 1-Wire communication protocol and the temperature monitoring project will be

presented as one chapter before V2X specialized charging cable work.

In addition to the module-level improvement of V2G/V2X technology, an EVSE,

called the PowerPort, was designed by, and continues to be improved by, the V2G re-

search team at the University of Delaware (in CVORG, ECE and CEOE). This includes

an advanced safety module that prevents current leakage, called a charge current in-

terrupting device (CCID). The CCID module is a personnel protection device/module

that speci�cally de�ned for EV/EVSE by UL2231 standard. By upgrading the CCID

module, the performance of leakage current protection is improved as a CCID20 level

module. The CCID and related components will be discussed in the chapter 7 of

this article, it is also compared with previous RCD designs to prove the necessity of

improvement.

Finally, as a summary of the above work and prospects for the future, some

possible improvements to the PowerPort EVSE, V2G system, and supplements to the

V2X technology will be discussed.
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Chapter 1

CONTRIBUTIONS OF THE DISSERTATION

1.1 Summary of contributions
1. Analyze the existing metering, measurement, and EV standards, qualitatively

analyze the applicable standards of the embedded metering module, then design
and debug the metering module. The embedded metering, as a module that
provides the a variety of electrical measurements, feeding to an aggregator data
stream, could reduce production costs, improve the e�ciency of V2G system,
qualify for higher-value electricity markets (e.g. regulation and synthetic inertia),
and is programmable in order to qualify for regionally di�erent V2G requirements.
In addition, there is no similar product like the metering module developed here
to embed in a V2G EVSE system, this �eld is still dominated by simple, slow-
latency energy (kWh) meters.

2. Quantitatively analyze the accuracy of the data provided by the embedded me-
tering module, reduce the error rate and improve the accuracy level of the em-
bedded metering module to Class 0.5 so that it can be applied to more regions
and markets.

3. Apply a 1-Wire communication protocol on the single-phase standard J1772
charging connector to monitor the temperature. The charging cable standards
and products, including but not only J1772, are lacking of a feature that can mea-
sure its own temperature. Adding the temperature measurement feature on the
charging coupler allows the charging system to monitor impending overheating
dangerous situations, preventing damage.

4. Explore and experiment with the feasibility of expanding the 1-wire system be-
yond temperature sensing, to create and test a V2X specialized charging cable.
The V2X specialized cable uses the 1-Wire sensor to store the parameters for
establishing the V2X charging, this kind of product will help V2X charging tech-
nology safer and more formal.

5. Design and test CCID module which is an advanced personnel protection sys-
tem for EVSE speci�cally de�ned by UL2231. The CCID is a current leakage
protection module that specially de�ned for EVSE product, however, there is no
o�-the-shelf CCID in North America region. Applying an CCID that cam be

1



customized for the EVSE system, replacing a discrete RCD product like most
of the commercial EVSEs, is a major improvement for the professionalism and
safety of EVSEs.

1.2 Goals of this dissertation

This dissertation aims to apply engineering knowledge to actual industrial-grade

products. The work reported by this dissertation can improve EV charging equipment,

and speci�cally can become part of the overall V2G system. This work removes many

impediments that I encountered in the development of EVSE and V2G. The metering

module is built to help the V2G system for the acquisition of the electric data of the

grid, with the accurate and fast-responding embedded metering module utility control

for V2G services becomes possible; The V2X specialized charging cable is a prototype

that inspired by a temperature monitoring project, there is no similar products or

related industry standards on the market, so that the V2X specialized charging cable

enables the concept of V2X; By analyzing the existing products, technologies and

industry standards of CCID, upgrading the existing RCD module in EVSE to build

a CCID product, the success of CCID module is to solve the dilemma that there are

related standards but no CCID products in the markets. Another goal is to make the

EVSE not only a product for charging EVs, but also a terminal of the V2G system

that could provide services to the grid. Furthermore, by adopting the V2G technology,

a clean energy collection-storage-consumption-grid feedback chain can be organized.

The expansive prospects and opportunities of the EV/EVSE industry are too

big to be �lled by one engineer, but many of us will gradually make it complete. I

hope this dissertation can be a little stone making up the paving on the road of EVSE

and V2G development.
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Chapter 2

INTRODUCTION

Climate change, fossil fuel use and the emission of CO2 are the issues that

need to be resolved in this era. One of the solutions that answered by the engineers

given to the issue is Electric Vehicle (EV) and Electric Vehicle Supply Equipment

(EVSE) system. What bene�ts can people get from the EV-EVSE system and how to

make the system complete and more convenience are big topics that all the EV/EVSE

engineers are eagerness to working on. Engineers and scholars from varies of countries

and areas have improved production and design process of EVs also provided advanced

technologies can reduced the emissions of greenhouse gas greatly on both vehicle cycle

and fuel cycle[1][2][3]. Vehicle to Gird (V2G) is a technology that allows the EVs not

only absorb energy from the source but also capable of transmitting energy back to

the gird. This feature determines that the V2G system links the grid, the renewable

energy and EVs, which expands the smart-grid also obtains a cost-e�ective energy

storage method[4][5].

Since EVs are treated as utilities of energy storage in V2G system, it is intu-

itively thinking that EVs can be used as a power source to maintain small-grid or other

electrical appliances. This is the idea of Vehicle to Everything (V2X)1. In order to run

V2X function on EVs, there are many new features, upgrades and modi�cations will

be applied on the EV and the related accessories.

1 V2X in this dissertation is about power transmission between EV and electrical
appliances/small grid. It does not refer to data exchange between EVs or represent
autopilot technology. In some papers, V2X is referred to as "Vehicle to Anything".
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In this chapter, the background knowledge of EVSE, V2G and V2X will be

introduced, and point out the motivation and contributions I made to the EVSE-V2G

system. The rest of this dissertation is organized as following:

ˆ Part I, chapter 3 and chapter 4, introduces the embedded metering module of the
V2G system. Chapter 3 will focus on the design of Class 1.0 level metering module
prototype, including the motivation, hardware design, �rmware 
ow, testing data
analysis, the certi�cation report is attached as appendix to prove it has passed
relevant veri�cation. Chapter 4 will focus on how to improve the Class 1.0 level
prototype to an advanced Class 0.5 level metering module which is accepted
by many more regions and markets of the world, as well as new functions and
features that not included in Class 1.0 level metering module. Chapter 3 has been
published on the SAE journal \Sustainable transportation, energy, environment
& policy" as one of my publications.

ˆ Part II, chapter 5 and chapter 6, will introduce 1-Wire temperature monitoring
and measurement project and the V2X specialized charging cable based on 1-Wire
protocol. Chapter 5 introduces a temperature monitoring project that applied on
the J1772 charging coupler based on 1-Wire communication protocol. Chapter 6
will focus on V2X specialized J1772 charging cable design that utilize the 1-Wire
sensor mentioned in chapter 5 to store and encode the essential property data.

ˆ Part III, chapter 7, by analyzing the existing RCD module to introduce the CCID
standard and the CCID current leakage protection module. A test has been
designed in order to prove that the CCID module can achieve the responding-
time required by the UL2231 standard. The test description, design, and the
result have been attached as a part of chapter 7.

2.1 EV, EVSE, V2G and the renewable energy

Consuming renewable energy instead of burning fossil fuels is the core idea of

automotive industry in responding to climate change. EV is the product of utilizing

electric energy to drive vehicles inspired by this idea. From tram to high-speed railway,

earlier "EVs" have mostly been for large-capacity, �xed-route transportation. However,

modern EVs are now expected to modify the entire automotive industry, especially

light-duty vehicles, into the electricity-powered era. They are charged from the grid,

and the grid is increasingly powered by renewable power, from the building solar panel

to large-scale wind power[6]. V2G technology takes EVs as energy storage tank to
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stabilize the grid on real time. Therefore, the V2G-supporting EVSE will also enter

the era of miniaturization, popularization and uni�ed dispatch.

2.2 Motivation

This dissertation will be divided into three parts, so that the motivations also

be elaborated separately.

1. Since the EVSEs are the terminals of V2G system which requires to be adjusted
accurately based on real-time power generation, each EVSE should capable of
collecting and calculating the power/energy 
ow independently. It requires that
an electricity metering connects to the EVSE also can upload the data it collects
to the aggregator. The prototype of PowerPort EVSE took the existing electricity
metering products available on the market for single phase EVSE data collection.
However, the large dimension, relatively high cost, especially the communication
delay between electricity metering and aggregator, make it impossible to become
the best choice. Thus, designing an embedded metering module that compatible
with multiple operating environment, fast responding, with high-accuracy level is
on the agenda. In this part, the dissertation will focus on the embedded metering
design as a built-in module of EVSE, also analysis the existing meter standards to
�gure out how to improve the accuracy level. The testing data and certi�cation
�le will also be attached.

2. V2X, a promising EV related technology, treated EV not only a transportation
tool but also a convenient cheap energy storage tank. It allows the EV to transmit
the energy it stores to another electric system or appliances. Several engineering
designs need to be done to achieve the �nal goal of V2X, the V2X specialized
charging cable is one of them. The V2X specialized charging cable connects
between EV and the loads. The cable contains the necessary V2X information
that use to establish the V2X link. Since there are many di�erent kinds of
charging cable product in the market, the V2X specialized cable will be discussed
in this dissertation as a prototype that has been modi�ed from a J1772 charging
cable. The modi�cation can be universal and compatible with other types of
charging cable like J1939 or Tesla cable if the design is well accepted by the
industry.

3. The safety issue is always the most concerned one for the customers. Most of
the EVSE products contain at least one built-in module to prevent the unit
from over-current, over-voltage, current leakage and etc, the safety modules are
also capable of cutting o� the power under emergency. Residual current devices
(RCD) is a module that detecting the leakage current of the charging circuit, it
will break the circuit by controlling the relay when the current leakage occurs
somewhere in the charging loop. Charging circuit interrupting device (CCID) is
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an advanced leakage detecting module speci�cally de�ned by UL2231 standard for
EVSE products in North America region, which covers the markets of America,
Canada and Mexico. In this part, the RCD and CCID module will be introduced
and compared. A CCID design circuit will also be attached to analysis. The test
of responding-time will be explained and the data recorded will be added to show
the CCID module meets the requirements of UL2231 standard.

2.3 Related Work

2.3.1 Related Paper
ˆ River: Roaming Inverter Vehicle Energy Resource[7] { by Rodney McGee

ˆ Detection of DC Injection and Measuring AC Current with a Single System for
Electric Vehicle Charging and Discharging[8] { Olga Mironenko

ˆ Vehicle-to-Vehicle Power: Design and Implementation[9] { Hamza Lemsaddek

ˆ Metering Requirements and Design for an Electric Vehicle Charging System Pro-
viding Grid Services[10] { Kuncheng Bai

2.3.2 Related system, devices, and modules

2.3.2.1 V2G network

V2G (Vehicle to Grid) is a technology that treats EVs not only as a means of

transportation but also as a storage resource for the electrical grid[6]. The battery in

the EVs is charged by the power 
ow from grid or local solar/wind power systems[11].

Unlike conventional charging (and unlike liquid fuels), in V2G the energy storage in

EV batteries can be transferred back to the grid if the owner allows it to do so. Since

the average privately-owned light vehicle, both gasoline cars and EVs, spends about

23 hours parked with only one hour running time, it could be a great improvement

from an equipment utilization perspective if the idle battery and power conversion

equipment can be used for servicing the grid and EV owner's home. Based on this

idea, the signi�cant services of V2G technology include:

ˆ Short-term generation capacity: the batteries contained in EVs can augment the
generation capacity of the grid for short periods. The batteries become a plug-
gable part of grid when the EVs connect to grid by V2G technology, expanding
the capacity of the grid without increasing the burden on the generators. This is
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Figure 2.1: A simpli�ed V2G system

short-term because over time, batteries are a storage device, which must receive
more electrical energy than they provide.

ˆ Renewable energy storage: the batteries of EV 
eets are the least-cost storage
option for the combination of renewable energy sources like solar energy, inland
wind, o�shore wind, and other sources[12]. V2G technology can e�ectively solve
the issue that renewable energy, like wind and solar power, has to be utilized
instantly when generated.

ˆ Regulation service: regulation, in some areas called primary reserves, is the fast
response service that balances second-to-second and minute-to-minute 
uctua-
tions in grid power. For example, this can be used to maintain the frequency of
the grid near a �xed value: 60Hz in US, 50Hz in EU. The regulation function of
an EV 
eet can be activated by a real-time communication signal from the grid
operator. By responding to this signal EV 
eets can displace traditional, more
costly, and slower-responding power plants[13][14][15].

ˆ Spinning reserve: this service steps in quickly upon failure of other generators
or transmission; it must provide power to the grid within seconds, but need
continue producing for less than one hour, typically 10 minutes[14][16]. Again,
V2G technology can replace reserved generation capability.
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ˆ As a local distribution service, V2G with a capable inverter can provide reactive
power compensation or, on three-phase systems, can provide phase balancing.

ˆ Peak shaving service: during peaking hours of the day, real-time electricity costs
are much higher, increasing customer bills. V2G can feed energy to building
loads, reducing expensive peak power or demand charge, and reducing consumer
bills during peak hours.

ˆ If the EV inverter is con�gured and approved for islanded operation, the V2G
technology also can be used for emergency power, that is maintaining power to
the home power during a power failure[17][18].

Some of these potential services from V2G are for the bulk power system and

compete in markets against large generators. For that purpose, the EVs and EVSEs

are aggregated in order to respond in a uni�ed or otherwise coordinated way. Services

such as peak shaving and emergency power may be provided based on local needs for

a single residence and thus may not need an aggregator. Figure 2.1 shows a simpli�ed

V2G system that runs bi-directional power 
ow between EV 
eets and the power grid.

2.3.2.2 PowerPort EVSE

PowerPort EVSE, designed and developed by CVORG research group, Uni-

versity of Delaware, is the product that connects the EVs and grid as the charg-

ing/discharging terminal of V2G system[19]. Figure 2.2 shows the front view and

internal structure of PowerPort EVSE. Figure 2.3 is a simpli�ed diagram shows that

how the power/signal 
ows in the modules of PowerPort EVSE.

The core of PowerPort EVSE is composed of three modules, which process the

signal 
ow between EVSE and the aggregator detect the transmit the bidirectional

power 
ows between grid and EV. The three modules will be introduced respectively

with the method of communication between them.

1. TS-7600, a low cost ARM9 compact embedded computer, in the PowerPort sys-
tem contains the embedded Linux system of the core for communicating with
the aggregator through Ethernet cable to receive commands and reply the corre-
sponding command with the data of the PowerPort.

2. The Vehicle-EVSE Link (VEL) board is the information hub in the V2G system.
It connects to the aggregator through TS-7600 board, to the EV through charging
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Figure 2.2: Front and Inside View of PowerPort EVSE

cordsets like J1772, to the RCD board through serial communication protocol.
Thus, the main functionality of the VEL board is packaging the collected data
from the metering module and the EV then send the package to the aggrega-
tor, as well as transmitting the commands from the aggregator to corresponding
modules.

3. The Residual Current Device (RCD), also known as Ground Fault Interrupter
(GFI), breaks the power circuit to the EV when current leakage happens by
opening the relay. In the initialization stage of the PowerPort EVSE, the RCD
must pass the self-detection and ground fault detection before closing the relay
to ensure that it is functional and there is no existing current leakage in the
system. When current leakage occurs or a command from upper module has
been received, the RCD module is capable of toggling the relay to open that
prevents the unit or the person touching the surface of the unit from electrical
hazard. The principle of RCD, also the advanced protection module CCID, will
be explained with more detail in chapter 7 of this dissertation.
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Figure 2.3: A simpli�ed diagram of PowerPort{V2G operational EVSE

4. The metering module is located on the bottom layer of RCD board. The core
microprocessor of the metering module is a V9003 Vango metering chip[20], de-
signed by Vango Technologies, Inc. The metering module shares the input signal,
voltage and current signal from the grid, and the surge protection circuit with
RCD modules. Other electrical parameters like power, energy, frequency and
power factor angle will be calculated based on the voltage and current input.
The design and upgrade of metering module will be introduced as the focus of
the Part I of this dissertation.

2.4 Publications
ˆ Metering Requirements and Design for an Electric Vehicle Charging System Pro-

viding Grid Services[10] (doi:10.4271/13-01-02-0009)

ˆ V2G Smart Charging System review and Real time monitoring system with em-
bedded metering module (under review)
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ˆ Vehicle to Vehicle, Vehicle to Load specialized charging cable design based on
1-Wire protocol and temperature sensor (under review)
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Part I

EMBEDDED METERING MODULE IN POWERPORT EVSE
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Chapter 3

METERING REQUIREMENTS AND DESIGN FOR AN ELECTRIC
VEHICLE CHARGING SYSTEM PROVIDING GRID SERVICES

3.1 Abstract

Vehicle to Grid (V2G) technology is capable of providing grid services from

electric vehicles (EVs). To do so, it imposes more demanding engineering design re-

quirements on electric vehicle supply equipment (EVSE). To provide grid services, bidi-

rectional power 
ow and accumulated energy between grid and EVs must be metered

and uploaded to a remote server participating in electricity markets. Requirements,

including accuracy and latency of power and energy data are crucial parameters. In

this paper, an overview is provided of a built-in metering module, now designed and

built into an EVSE charging station. Design decisions and performance, include mea-

surement approaches, communication to a higher-level module, and the standards that

must be met.1

3.2 Keywords

EVSE (Electric Vehicle Supply Equipment), Vehicle to Grid (V2G), Smart

Charging System, metering criteria, metering design, standards for metering module

3.3 Introduction: Background of V2G, EVSE and metering requirements

Storage is of value to the electric grid both to increase reliability and to allow

for expected increases in renewable power generation.[21] Storage could be provided by

dedicated facilities such as batteries in a warehouse or pumped hydro, but dedicated

1 Published in© SAE International journal \SAE International Journal of Sustainable
Transportation, Energy, Environment, & Policy", doi:10.4271/13-01-02-0009
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storage is expensive.[22] To cost-e�ectively provide the need for storage, \vehicle to

grid" or V2G has been proposed, the concept of using electric vehicles (EVs), when

the EVs are parked, to provide grid storage.[23] V2G technology uses EVs including

the batteries within the EVs, the charging system, and associated cables and grid

connection point, as a resource to serve the grid, with the power 
ows between the

EV and grid bidirectional. V2G can, and has been, participating in markets, including

markets that involve balancing services, primary reserves, and peak load reduction,

among others. However, to provide these services, to receive payment for such services,

and ensure that the vehicle is still su�ciently charged for driving|the �rst priority of

any EV|it is essential to know the precise charging status and accurate electrical data

in real-time. Thus, the connection point from the grid to the EV system must have the

ability to measure charging data and status, and to report it to the system manager,

grid operator, and/or to the vehicle user. Finally, because grid service provision is

not tied to a moving EV, but is rather registered to a speci�c grid location and thus

to that location's market requirements including metering, the Electric Vehicle Supply

Equipment or EVSE, must be the connection point and must include a precise, revenue-

grade meter.

Those are the motivations for designing a revenue-grade meter to be integrated

within an EVSE. The meter collects input electrical data and calculates the correspond-

ing power, energy and other required data. Besides that, the EVSE itself requires the

measurement of electrical data to pass the startup self-check function, and requires it

also for several continuous safety monitoring functions, including over current, unau-

thorized back
ow and other conditions. Thus, the integrated metering module is an

indispensable part for a V2G-functional EVSE.

For context, the overall V2G system and the EVSE naturally draws power from

a building or parking structure or similar, communicates to an aggregator that tracks

groups of EVSEs, and the aggregator can allocate resources (connected EVSE and EV),

assess the total resource size, can dispatch those resources in response to grid needs,

report dispatched power to the grid operator, and ultimately can credit individual
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EVSE and/or EV owners proportionally to their metered performance. The EVSE

discussed here was developed by University of Delaware and is being sold commercially

by Nuvve Corp. It is commercially referred to as \PowerPort".
Given the necessity of the metering module in EVSE, several engineering re-

quirements need to be clari�ed before introducing the metering design:

1. Accuracy of the metering module: Class 0.52 level is the planned goal, but Class
1.0 is acceptable as an intermediate step. Accuracy requirements vary across
markets. Our goal for the whole metering module, external current transducers
(CTs) included, is to achieve levels of Class 0.5, which means +/- 0.5% error
of the reading under full load and perfect power factor. The accuracy of Class
0.5 meter is su�cient for all known markets; on the other hand, Class 0.5 is not
necessary for many markets. For example, 1% error is su�cient for PJM and
other markets we currently participate in.

The V2G operation requires a fully bidirectional designed EVSE to accomplish
the bidirectional power 
owing with appropriate error detection and metering.
The metering module, as a part of EVSE, should have the ability to count the
accumulated energy 
ow based on its direction. In this design,Energyup and
Energydown represents the accumulated energy from EVs to grid (discharging)
and grid to EVs (charging), respectively. And both of the energy values above
need to follow the error percentage limit in IEC: 62053-11.

2. Response time for the meter. For energy markets, metered in kWh, typically res-
olution of 15 minutes or longer are su�cient. 15 minutes is also usually su�cient
for demand-charge reduction. But for the higher-value ancillary service markets
(typically in TSO or RTO markets) meter response may be required to be under
1 to 5 seconds, or for some services as long as 15 seconds to one minute. And with
the traditional large rotating generators being replaced by inverters, new markets
for \synthetic inertia" are being created by that would require 500ms response.
Therefore, a forward-looking meter response should be less than 500ms3.

Many electric grid service markets are based on power rather than energy, in-
cluding regulation, frequency control, primary reserves, secondary reserves, ca-
pacity, reactive power compensation, voltage control, and peak demand reduc-
tion. Power as an instant parameter requires faster response time than energy.
Energy is inherently accumulated over a time period. Thus, the above-mentioned
responses required to be under 1-5 seconds are typically power measurements.

2 Class 0.5 and Class 1.0 are de�ned in IEC: 62053-11. AN-136: Metering System
Accuracy, NIST.HB.44.section 3.40, and ANSI C 12.20 are also taken into consideration

3 The source of this discussion of response times is from Willett Kempton's review of
US RTOs and European TSOs, and discussions with planners and analysts at those
organizations (personal communications, 2019 and 2020).
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Compatibility with single phase and three phase power environments: A single
EVSE and one metering module design can measure both single- and three-phase
electrical quantities. Our approach is, when a three-phase meter is being used to
measure single phase power and energy, simply measure phase A.

3. The metering module should be compatible with both single phase and three
phase grid input with varying common voltage level. Since the metering mod-
ule is an embedded part of the EVSE, it takes the input of EVSE as its own
input. Therefore, the metering module should have the ability to detect which
external environment, single phase or three phase connection, is running and be
compatible with both.

3.4 Electrical signal 
ows in smart EVSE system and the designations of

the Vango V9003 metering module

Figure 3.1: Simpli�ed diagram of metering module
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Figure 3.1 shows a simpli�ed block diagram of the metering module. The entire

module can be brie
y divided into the following parts: channels of voltage/current

signal, serial communication bus to VEL module, pins for special functions like debug,

mode control, and rest. Some functionalities, like LCD display control, CF (constant

frequency) output, infrared pulse and LED signal, have been removed from the module

diagram since the module is a sub-system of the V2G charging system, allowing the

users or operators to get real-time data from a mobile phone app or website through

the aggregator instead of reading an LCD screen on the control panel of the unit.

Besides that, some necessary functions like physical buttons for resetting and data

erasing, which are in most of the popular metering productions in the market, transfer

the access to the aggregator side.

3.4.1 External circuit for input signals

Input signal in this section is about the AC voltage and current 
ows to the

EVSE, shows in Figure 3.2. The discussion applies to both three-phase and single-phase

AC signal.

Before introducing the external circuit, a concept should be made clear: the

saturation of the input channel. Based on the datasheet of the V9003 chip, the input

range of microprocessor is about +/-200mV[20]. Beyond this range will make the curve

of input-output non-linear. However, during the testing processing, we concluded that

the saturation range should be +/-100mV to better keep the peak value around +/-

50mV.

For the current input circuit, an external CT (EKM-BCT-013-200)[24] attached

on the grid-unit power cable is used to measure the raw current signals, with the

converting ratio of the CT being 200A:26.6mA. Since the V9003 requires a voltage

signal as input, it has to be converted by the CT current signal to a voltage signal by

paralleling with resistor, while keeping the amplitude of the signal in range. Similar to

the current input channel, voltage branch should also reduce the signal down to around
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Figure 3.2: External circuit and non-saturation range

50mV. However, it's a natural voltage source, so there is no need to do extra work like

current branch. Thus, a simple voltage divider could scale the signal down to range.

For both current and voltage input channels, there are built-in analog PGA

(Programmable Gain Ampli�er) and digital PGA in the V9003 chip, both adjustable

by register setup. The APGA and DPGA could go as high as x16 and x8, respectively.

However, the maximum signal the V9003 microprocessor allows to output after PGAs

should less than 1.2V; otherwise, the channel will be saturated again. Thus, two

points need to be taken into consideration to avoid saturation when designing the

external circuit: +/- 50mV as maximum input value to the microprocessor and 1.2V

as maximum input value to the following modules. Saturation will be triggered if

either of these two points breaks. Also, in external circuit design, we tried to avoid

adding capacitors or inductors in the circuit even if it could �lter the noise in the
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input, because capacitance shifts the phase angle between voltage and current input

signi�cantly. Phase angle, a function of power factor, is a quite important parameter

when analyzing the quality of grid power. Thus, the power factor metering uploads

to the aggregator should be exactly the same as the power factor of grid, if the power

factor slightly a�ected, it can still be corrected by �rmware, however, the maximum

ability of �rmware is +/- 2.8 degree of power factor, so adding in capacitors to the

circuit design should be avoided.

3.5 Serial communication bus and responding time

Figure 3.3: Mode 2 Timer 
owchart

The serial communication bus connects the V9003 microprocessor to the higher-

level module of the system|the VEL board. The VEL to metering serial communica-

tion is a strict master-slave protocol, which means the metering module won't actively

send any message to VEL until a command has been received from the VEL. When

the command is received by the metering module, a reply starts to prepare in the mi-

croprocessor. The reply message will send to the communication bus when the data
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package is done. Figure 3.3 shows the baudrate generate processing that follows the

equation 3.1:

Baudrate =
2SMOD x

32
�

CLK
256� TH

; (3.1)

In the previous section, it emphasized the importance of responding time to

make a real-time updating system. Thus, the baudrate of serial communication should

be as fast as possible in this case. The higher baudrate is needed if it can be achieved,

however, a higher baudrate needs to be proved and attempted feasible because the

V9003 datasheet[20] doesn't give any higher baudrate than 19200bps . Since the V9003

microprocessor belongs to the 8052 serials and the mode 2 of Timer 1 is selected as the

timer source, the highest baudrate it can run with is 204800bps theoretically, based on

the online 8051/8052 baudrate calculator, with TH value equals to 0xFF.

Figure 3: Mode2 Timer 
owchart However, V9003 is not the only microprocessor

on the bus, the microprocessor on the VEL module (MC9S12XEQ512CAL)[25] and

RCD module (MC9S08SH16CTL)[26] need to be taken into consideration for baudrate

selection. The standard baudrate that suits the bus is 67200bps based on the result of

the baudrate calculator. That is the fastest baudrate all microprocessors on the bus

can achieve. To run with 67200bps, 0xFD should be written into TH1 of V9003.

3.6 Firmware 
ow of metering module

Figure 3.4 shows a simpli�ed model to describe the structure of metering code.

The 
owchart of metering code can be divided into two parts: initialize part and

continuous loop part.

ˆ The initialize part contains the interpret, memory, 
ag, register and function def-
initions; operating environment detection; UART setup; EEPROM data reading.

ˆ Once the initialize part is done, the metering module should setup the clock,
timer, special GPIO pins, UART, also get all SFRs (special function register)
written with proper values and disable all unused pins on the chip. The com-
munication with upper level of the unit for command receiving and package
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Figure 3.4: Class 1.0 Metering module 
owchart

transmitting is established, and the power 
ow is ready to be measured as an
electrical meter.

ˆ In continuous loop, the metering module keeps waiting for commands from the
higher level to establish a one command- one reply loop. The loop won't stop
unless some deadly bugs trigger the reset/watchdog. The metering module will go
back to initiate part to reboot from the bug, meanwhile, the VEL will abandon the
unacknowledged command because of timeout and then send the next command
to metering module. Theoretically the VEL will keep sending commands to
metering module, thus the watchdog timer should not be triggered during the
normally running continuous loop.

ˆ Once the reboot triggers, no matter because of a bug or command from the
aggregator, the metering module will try to retrieve the stored energy data from
an external EEPROM. The data in EEPROM will update once when a reply is
prepared to send out, thus, the metering module can always retrieve the newest
data before reboot.
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3.7 Data, conclusion and future work

Metering of power and energy is of value for electric vehicle charging. For using

electric vehicles for grid services(V2G), metering requirements are more demanding,

calling for a customized meter, embedded with the design of the EVSE. Such a meter

has been designed, including the more demanding requirements for this type of ser-

vice. This meter has been designed and incorporated into a production EVSE, the

PowerPort. It has now been certi�ed at Class 1.0 accuracy (see Appendix A) and is

in commercial use providing fast response (2 seconds) regulation service for PJM In-

terconnection (a US RTO). Figure 3.5 shows a set of testing data about the accuracy

of power and energy. In Figure 3.5, a three-phase testing unit sets the power factor

angle equal to zero to simulate the charging case. The software runs under varies of

voltage/current pair: 100V, 20A; 110V, 15A and 200V, 15A to simulate di�erent grid

inputs and take 20 samples for each input, one minute between each sampling. Since

sets of power data as precise as Class 1.0 level could prove that the voltage/current

data on all phases are in the same accuracy level, thus the voltage/current data is not

shown in Figure 3.5.

The lines chart in Figure 3.5 shows the power comparison between nominal input

and the output of metering module. The orange line represents the output of metering

module which follows the input and limited the error rate within 1% when the power

factor angle keeps zero. The bar chart in Figure 3.5 shows the energy accumulated

based on the power 
ow shown as the line chart. The accumulating of energy and

the error rate of all input/output pair are within 1% error that is de�ned as Class

1.0 meter. Thus, a Class 1.0 metering module is complete, the certi�cation report is

attached in appendix.

In future work, the module should be improved as following:

ˆ Improving the accuracy level to Class 0.5, a more detailed data analysis will be
made in the summary of advanced Class 0.5 level metering module.

ˆ Adding an external EEPROM for storage of con�guration parameters, energy
data and etc. The con�guration parameters will be saved into EEPROM before
it's deployed to �eld and will not be changed, energy data will be saved into
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EEPROM every time it updated. If the metering module resets by watchdog or
reboots because of grid power loss, the data in EEPROM will be retrieved and
write into corresponding running registers to restore the previous status.

ˆ ˆ Adding an auto-calibration function into the module. The goal of auto-calibration
function is to make calculations based on components variation from nominal.
Fixed calibration for all EVSEs is impossible since the tolerances of the compo-
nents vary. Thus, our design includes, a function that allows the unit to calculate
its own calibration parameters during manufacturing. The auto-calibration func-
tion needs an external, lab-quality calibrated power supply to power the unit at
nominal voltage and current. The constants for a calibration are calculated by
the meter system itself, and saved in the external EEPROM mentioned above
after being calculated. That yields individual, precise calibration constants spe-
ci�c to each manufactured unit. At low labor cost, this process can yield 0.5%
accuracy, despite variation in meter component values well more than 0.5%.

ˆ Adding a second metering module in the PowerPort system to make the unit able
to handle dual-charging function, with two charging cordsets. The two metering
modules should have the ability to work separately and not a�ect the other.

Figure 3.5: Power and energy data set from accuracy testing of Class 1.0 metering
module
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Chapter 4

A UPGRADED METERING MODULE WITH HIGHER ACCURACY

In chapter 3, it presents the design of Class 1.0 level metering module, the testing

data is provided as well. The EVSE with Class 1.0 level embedded metering module

has been manufactured and promoted to the North America and Europe markets.

However, the ultimate goal of the metering module integrated in the V2G system is

to achieve Class 0.5 level to meet the requirements for most of the markets. In this

chapter, a comparison of the existing metering products will be made to prove that the

embedded metering module do have an irreplaceable advantages. Then an upgraded

metering module with detailed data 
ow process will be introduced based on the Class

1.0 metering module which discussed in previous chapter. Moreover, another upgrade

is the dual-charging unit that integrated two separated metering modules in single

EVSE. At the end of this chapter, some test data will be attached to provide that the

upgraded metering module is quali�ed as Class 0.5 level.

4.1 Brief summary of the electricity metering products on the markets
1. Series of EKM product

The series of EKM products are common choice for non-socket smart meter,
di�erent products in the series cover varies grades of needs. EKM Omnimeter
HV v.5 is chosen to represent the EKM family in this discussion, a brief analysis
will be made also compare it with Milbank and Focus products.

The EKM Omnimeter HV v.5, hereinafter referred to as EKM V5, is an advanced
universal smart revenue-grade energy meter. It works with varies of common
voltage conditions, the current measurement range is 
exible by changing external
CTs, free to connect as single phase-meter or three-phase meter, display energy
data on built-in LCD screen, contains energy pulse counting function also capable
of transmit the result to other device/module by RS-485 communication protocol,
follows ANSI Electricity Meters standard as Class 0.5 level revenue-grade meter.
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EKM V5 has many excellent features. However, the following problems cannot
prevent the EKM V5 from being used in the PowerPort EVSE on a large scale:

(a) Too expensive. EKM V5, as the latest version of EKM series, the retail
price is $450, even for large-scale order the price still as high as$285 each.
Since the electric meter is contained at least one for each EVSE, the impact
of over-price on manufacturing costs is unacceptable.

(b) Over-size dimension. The dimension of EKM V5 is 4*3*3 inches, hardly be
built into the PowerPort EVSE, the internal structure of PowerPort EVSE
shown on Figure 2.2. As an independent device, the EKM V5 meter could
be installed externally of the EVSE, however, it hurts the integrity of the
EVSE system.

(c) Unnecessary functions. As an independent product, the LCD display screen
makes it more convenient for the customers, however, it becomes an unnec-
essary function because not only the meter should be built into the EVSE
but also the customers can remotely read more detailed data o�ered by
V2G system. There are also several safety modules, anti-surge module for
example, are duplicated because the EVSE contains those modules already.

(d) Inconvenient data transmission. EKM V5 meter could be read by other
device by RS-485 communication protocol. The RS-485 is a multi-function
output pin on EKM V5, it is either a controllable relay output or com-
municate with other device. So that the EKM V5 is disabled to do relay
control operation while transmitting data via RS-485. Since the V2G sys-
tem requires frequent, real-time data upload, the RS-485 will be occupied for
communication purpose only. Another factor of communication also needs
to take into consideration is that the EKM V5 can only output the pulse
of energy via RS-485, other data like voltage, current and etc. can only be
read through the LCD screen. This feature limits the e�ectiveness of the
EKM V5 in V2G system.

2. Series of Milbank product

The series of Milbank products are commonly used in residential buildings, o�ce
areas and outdoor electrical equipment. Milbank CL200-D is chosen to represent
the Milbank series, hereinafter referred to as CL200-D.

CL200-D works with 120/240Volts, 200Amps and 60Hz condition. It follows
ANSI standard to be a 2S level meter with less than 1% error rate. The price
of CL200-D is about$50, cheaper than EKM V5, however, the performance of
CL200-D is far short of expectation of V2G system.

The dimension of CL200-3 is about 5*7*7 inches, however, CL200-D is a self-
contained submeter, it requires supporting sockets to maintain operation. Al-
though the dimension of the sockets vary, they are all very large-size. In other
words, once the CL200-D is adopted, a much larger socket must be connected next
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to each PowerPort EVSE, which is obviously not meet the design requirement.
Beside the issue of over-size socket, the accuracy of CL200-D is not good enough
to support V2G operation. It follows the ANSI standard as a Class 1.0 level
meter, and the resolution is 1 Kilowatt-Hour, the detail of accuracy of metering
module in V2G system will be discussed in later chapter, but the conclusion here
is that the accuracy and resolution of CL200-D is insu�cient.

Thus, even though CL200-D is a well-known choice of electricity appliances, it is
far from being suitable for the V2G system.

3. Series of Focus product

The series of Focus products are reliable and economical choice of metering appli-
cations. The performance of Focus products is between EKM V5 and CL200-D,
have some of the advantages and disadvantages of both. Focus E130 is the prod-
uct picked for discussion, hereinafter referred to as E130.

Comparing with CL200-D, E130 with higher accuracy and capable of communi-
cating with other devices, however, E130 still needs a relatively large dimension
socket to install.

EKM V5 CL200-D E130
Dimension(inch) 4*3*3 4.375*6.75*6.75
Price(dollar) 450 52 84

Key Features
LCD screen LCD screen LCD screen

Pulse Counting No output pulse
RS-485 No communication Active Energy only

Accuracy Class 0.5 Class 1.0 Class 0.5
Referenced Standard ANSI ANSI ANSI
Voltage range Up to 600V 120/240V 120/240V
Current range Up to 5000A Up to 200A
Frequency 50 or 60Hz 60Hz 60Hz
Resolution 1 Kilowatt-Hour
Socket required No Yes Yes
External CT required Yes Yes Yes
Bi-directional Energy

ow measurement

Yes Yes

Table 4.1: Comparison of the three types of common electricity metering products
on the market
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Table 4.1 is a brief summary of the features of the above three products. As

can be seen from the analysis and discussion, the following points are critical to the

design of the metering module of V2G system.

1. The dimension of the metering module. It should be the smaller the better,
thus, the embedded metering module would be the best choice. All unnecessary
functions, LCD display for example, will be removed to reduce the size.

2. The accuracy of the metering module. Accuracy of the metering module: Class
0.5 level is the planned goal, but Class 1.0 is acceptable as an intermediate step.

Accuracy requirements vary across di�erent markets. The goal of popularizing
the embedded metering module contained EVSE to most of the major markets, is
to achieve Class 0.5 level of accuracy, which means +/- 0.5% error of the reading
under full load and full range of power factor. The accuracy of Class 0.5 meter
would be su�cient for almost every known major markets; however, Class 0.5
is not necessary for some of them. For example, 1% error is su�cient for PJM
and other markets we currently participate in. Therefore, design a Class 1.0 level
meter then upgrade it to Class 0.5 could be a wise strategy.

The V2G operation requires a fully bidirectional designed EVSE to accomplish
the bidirectional power 
owing with appropriate error detection and metering.
The metering module, as a part of EVSE system, should have the ability to count
the accumulated energy 
ow based on its direction. In this design, Energy up and
Energy down represent the accumulated energy from EVs to grid (discharging)
and grid to EVs (charging), respectively. And both of the energy values above
need to follow the error percentage limit as a Class 1.0/Class 0.5 level standard.

3. Response time of the metering module. For energy markets, metered in kWh,
typically resolution of 15 minutes or longer are su�cient. 15 minutes is also usu-
ally su�cient for demand-charge reduction. But for the higher-value ancillary
service markets (typically in TSO or RTO markets) meter response may be re-
quired to be under 1 to 5 seconds, or for some services as long as 15 seconds to
one minute. And with the traditional large rotating generators being replaced
by inverters, new markets for \synthetic inertia" are being created by that would
require 500ms response. Therefore, a forward-looking meter response should be
less than 500ms.

Many electric grid service markets are based on power rather than energy, in-
cluding regulation, frequency control, primary reserves, secondary reserves, ca-
pacity, reactive power compensation, voltage control, and peak demand reduc-
tion. Power as an instant parameter requires faster response time than energy.
Energy is inherently accumulated over a time period. Thus, the above-mentioned
responses required to be under 1-5 seconds are typically power measurements.
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4. Capable of both single phase and three phase power measurments: One EVSE
unit and one metering module design can measure both single- and three-phase
electrical quantities. Our approach is, when a three-phase meter is being used
to measure single phase power and energy, the metering module will keep record
the data of whole system, which equivalents to the data of phase A under this
special circumstance.

These critical points will be emphatically mentioned in the module design part.

4.2 Rough calibration for Class 1.0 metering module

The concept of rough calibration1 of Class 1.0 level is relatively intuitive. Be-

cause the power factor is not introduced into the electrical data calculation, the Class

1.0 metering module is assumed to work in an ideal 1.0 power factor. Therefore, only ac-

tive power and energy are calculated and calibrated in the rough calibration prototype.

Thus, the key of rough calibration is to calculate the \ratio" between voltage/current

on the grid and the small signal 
ows into the V9003 microprocessor.

The ratio of RMS value of voltage and current are following the formulas that

given by Vango V9003 datasheet, here attached as Equation 4.1:

V alue= V � G � K; (4.1)

In Equation 4.1, Value represents the data reads from the corresponding regis-

ters; V represents the RMS value of input signal, the input signal here is the micro-volt

level voltage signal that 
ows into the V9003 chip, not the 240Volt or 30Amp signal

on the grid; G represents the gain of the V9003 chip, which included the APGA and

DPGA of Figure 3.2, all the gain related values are programmable; K is a constant

equals to 1750000 in this calculation.

1 The \rough calibration" in this chapter corresponds to the \�ne calibration" of Class
0.5 level metering module, which will be explained in later section
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Based on the Equation 4.1 and explanation, it can tell that the \ratio" RRMS

between register value and the grid input of V9003 is:

RRMS =
register value

grid input
= G � K � D; (4.2)

In Equation 4.2, D represents the voltage divider in external circuit that scale

down the grid input to V9003 input. Because the G, K and D in Equation 4.2 are

constant that could be programmed in the �rmware coding or designed by hardware

circuit, the ratio \R" of the equation is a constant as well. Therefore, the way to

calculation the grid RMS input is to read the value from corresponding register and

divided by R.

Similarly, the active power calculation follows the steps which quite like the

RMS value calculation but takes more factors into consideration, here attached the

power-calculation formula as Equation 4.3:

V alue= Vi � Gi � Vv � Gv � K � cos� � p; (4.3)

In Equation 4.3, Vv and Vi and the value of input voltage and current to the

V9003 chip; Gv and Gi are the gain of voltage and current channels; cos� is the power

factor which set to 1 as a constant in rough calibration version; K is the coe�cient

that equals to 858 for active and reactive power calculation, here takes 858 for active

power calculation only; and p is the number of phases, it takes p = 1 since it runs on

a single-phase unit.

Therefore, the \ratio" of active power RPOWER follows the Equation 4.4:

RP OW ER =
register value

grid input
= G v � Gi � K � Dv � Di ; (4.4)

The rough calibration is merely the �rst step to calculate the metering module.

There are several parameters are not taken into consideration in rough calibration,
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power factor for example. In addition, the idea of rough calibration assumes that all

components are ideal, however, all components are have its own tolerance to make the

value varies up and down. Therefore, an advanced method needs to be �gured out

to make the metering module more accurate and practical, also adaptable to more

occasions. A method called �ne calibration is stated below, also contains the required

equipment, the applied theories and formulas, and related 
owcharts of the design.

4.3 Fine calibration, Auto-calibrate function and Class 0.5 level metering

module design

4.3.1 Calibration tools and the system setup

As introduced above, the accuracy error that Class 1.0 level metering module

needs to overcome is more likely comes from the tolerance of the components. However,

even if all components are well-selected, which is not a common way in meter design

also not so practical in mass-production, the best error-rate it can achieve is about

0.8% with power factor angle equals to 0 degree. If the metering module needs to pro-

mote to Class 0.5 level and suitable for all range of power factor angle, a professional

adjustable power source is required. Calmet-C300B, hereinafter referred to as Calmet,

is the power calibrator and tester picked for upgrading metering module.

Calmet[27] is capable of:

ˆ O�er three separate adjustable voltage/current input signal which can simulate
either single-phase or three-phase working conditions.

ˆ The voltage and current range of Calmet covers the regular EVSE charging and
discharging range, so that it can test all kinds of charging/discharging scenario.

ˆ The highest accuracy that Calmet can achieve is Class 0.02%, precise enough to
cover a Class 0.5 metering module design.

ˆ The power factor angle, or referred as phase angle, can be set manually.

ˆ A user friendly software and interface, contains all adjustable input values. Figure
4.1 is a screenshot of a single-phase unit testing.
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Figure 4.1: User interface of Calmet-C300B

Therefore, the calibration system takes the single/three-phase signal generated

by Calmet as theValueinput , and it 
ows to the metering module of the EVSE. The

metering module collects the data of the unit and organize the data to a formatted

package, which will be received by the upper level of the V2G system. The package

transmitted to a laptop by a UART serial port to get the Valueoutput of the calibration

system.

Error rate =
Valueoutput � Valueinput

Valueinput
� 100%; (4.5)

Equation 4.5 is the universal error rate formula suits for most of the scenario

of this chapter. For most of the parameters in the Class 0.5 level metering module,
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the error rate should be less than 0.5%. In the following sections, some exceptions

stipulated in the ANSI C12.20[28] standard will be pointed out speci�cally.

Figure 4.2 is a photo of Calmet powered three-phase EVSE, the metering module

output can be read from the laptop connects to the unit by VSL tool. TheValueinput

is set in Calmet software, theValueoutput is the data on laptop side, the error rate can

be calculated by this testing system.

Figure 4.2: Class 0.5 level testing with Calmet C300B

4.3.2 Format of the data package

As analysis in previous chapter, the responding time of system with embedded

metering module should be designed less than 500ms for V2G dispatch. However, the
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responding time left for metering module is much shorter than 500ms because that the

metering module is merely one of the responding chains. Figure 4.3 shows the 
owchart

of the whole process of command-responding chain between aggregator and metering

module embedded in EVSE. The data package discussed in this section is only about

the responding message from metering module to VEL module, which is marked as red

arrow in Figure 4.3. As one step of the full communication chain, the metering module

responding time should less than 100ms.

Figure 4.3: A simpli�ed 
owchart of command-respond message 
ow in V2G system

Since the baudrate of the communication bus between VEL and metering mod-
ule is 67200bps as analysed in previous chapter, and assume the responding time is
100ms, thenmaximum length of package= 67200bps� 100ms= 6720bits= 840bytes.
However, 840 bytes length is a theoretical value, it would be better to organize the
package shorter and more orderly. Take the parameter "power" as example, there are
six di�erent power values might be asked by the aggregator, which are active power of
phase A; active power of phase B; active power of phase C; active power of the system,
reactive power of the system; apparent power of the system. It is a solution that put
all power parameters into one package and send to VEL or even upper module when it
is asked, however, not all of these parameters are required under any conditions. For
example, power of phase B and power of phase C will be a unnecessary parameter to
collect in a single-phase EVSE. Thus, the strategy of package organization is:

ˆ set the maximum length of the metering package to 200 bytes.
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ˆ the format of one package is: \nx012" + de�nition header + \ nx02" + key-value
pairs + \ nx03" + CRC + \ nx04"

ˆ set a key word \KIND" in de�nition header to mark the source of the package, it
marks that the message is sent by a metering module, furthermore, it also shows
that the message is from the primary/secondary3 metering module of the system.

ˆ set a key word \TYPE" in de�nition header to mark this package contains \power
data" or \energy data".

ˆ set a separate message package for energy parameters of the system and marks
the package as \TYPE = ENERGY".

ˆ set a separate message package for each phase of the unit and marks the package
as \TYPE = POWER".

ˆ set a separate message package to collect all parameters about the power of the
system, power factor angle also included in this package and marks the package
as \TYPE = POWER".

ˆ set a separate message package contains the information of the metering code
and marks the package as \TYPE = REVISION".

It takes one message as instance to discuss the format of metering package:

nx01KIND=METER,TYPE=POWER A,VERS=2 nx02V A x10=0x12345678,

I A x10=0x12345678,PREAL A x10=0x12345678,PREACTIVE A x10=0x12345678,

P APPR A x10=0x12345678nx030xABCDnx04

The key words and the some of the values are marked red, these parts will be

captured by the upper module as collected data. Since the upper module captured the

key words \METER" and \POWER A", it can be determined that it is a message sent

from the primary metering module about the power parameters of phase A. There are

�ve key-value pairs contained in this message which are voltage, current, active power,

reactive power and apparent power, all these parameters are about phase A of the

primary meter as analyzed above. The values are 32bits-long given by hexadecimal,

0x12345678 for example. The 16bits-long value betweennx03n and nx04n is the CRC

2 the values likenx01 are control characters in hexadecimal

3 the primary/secondary metering module will be introduced in \4.3 Dual meters
EVSE"
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part, the metering module and VEL module calculate its CRC independently, the

metering module will attach the CRC it calculated and the VEL module will compare

these two CRCs to make sure the package did not damaged during transmission. Figure

4.4 is a piece of data from metering module printing on Teraterm serial monitor.

Figure 4.4: A short piece of data package printing on Teraterm

Taking one data package in Figure 4.4 as example to analysis the status of

charging at that moment.

nx01KIND=METER,TYPE=POWER A,VERS=2 nx02V A x10=0x0001869A,

I A x10=0x00002711,PREAL A x10=0x000013B3,PREACTIVE A x10=0x000021CC,

P APPR A x10=0x0000271Fnx030x6354nx04

This package represents that it is a reply message from metering module A

including the voltage, current, active power, reactive power and apparent power of

phase A, the CRC is also attached for validation checking, all the values are highlighted

as red. The data will be converted to decimal and show to the aggregator operator or

customers as below:

Voltage = 0x0001869A = 99994 = 99.994V

Current = 0x00002711 = 10001 = 10.001A

Active power = 0x000013B3 = 5043 = 504.3 Watt

Reactive power = 0x000021CC = 8652 = 865.2 Var

Apparent Power = 0x0000271F = 10015 = 1001.5 VA

CRC = 0x6354
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The power factor angle is 0x00000256 = 59.8 degree for this moment, the power

factor values are designed to be written in another package, so that it can not �nd

power factor values in the package above.

4.3.3 Take power factor into calculation
The concept of power factor can be explained in two ways, and these two meth-

ods are equivalent to a certain extent:

ˆ Power factor is the ratio of active power and apparent power, represents the
energy e�ciency.

ˆ Power factor is the phase di�erence between the voltage and current in one AC
power system.

Figure 4.5 shows both expressions of the power factor. The \phase angle" in

diagram (A) and the \phase di�erent" in diagram (B) are both represent the power

factor angle � , and power factor is the cosine value of power factor angle, shows in

Equation 4.6

Powerfactor = cos�; (4.6)

Ideally, the power factor angle of the grid should be zero at any time. Under this

circumstance, the active power should strictly overlap with apparent power in diagram

(A) of Figure 4.5, and the voltage is in phase with4 the current in diagram (B). If the

loads of the grid are purely resistive load, heater for example, the grid will stabilized at

unity power factor. The Class 1.0 metering module of V2G system is designed based

on this ideal scenario.

However, even if the TSOs and RTOs5 would like to try their best to maintain

the unity power factor, the ideal situation is not so practical. The metering module

4 Voltage is in phase with current also be called \unity" power factor. There are two
kinds of \non-unity" situation, which are current \lead" or \lag" to the voltage. The
diagram (B) of Figure 4.5 shows a lagging example. This part will be mentioned and
analyzed in later section.

5 TSO: transmission system operator. RTO: regional transmission organization
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Figure 4.5: Two common ways of diagramming and measuring power factor

should have the ability to work under any kind of power factor angle, thus the power

factor angle has to be taken into calculation. With the power factor angle introduced

to the process of calculation, the reactive power and apparent power are supported by

the metering module as well.

4.3.4 Energy tank and pulse generation

In the �eld of energy meter design, energy tank is a commonly accepted concept

for electric energy measurement. The concept of energy tank was originally transformed

from the old-fashioned water meter design. Figure 4.6 shows a simpli�ed ideal water

tank model used for measuring water consumption. The consumed water 
ows into

the water tank through faucet A, it triggers the faucet B open when the volume of

the water reach the threshold of the tank, here is set as 10 liters. The faucet B keeps

open till the water tank is fully discharged and a counter has been triggered every time

the faucet B opens. Thus, it is easy to calculate how much water has been consumed,

which is multiplying the number in the counter by the set volume of the water tank.
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Figure 4.6: Water tank model: how to calculate water consumption

Similarly, the metering module uses energy tank to count the energy consump-

tion, Figure 4.7 is a simpli�ed 
owchart of energy-counting model applied in the meter-

ing module. The calibrated power value, active/reactive/apparent power all suits for

this model, 
ows into the corresponding energy tank based on its sign and characteris-

tic as a 32-bit long data. There is a pair of special registers contain the value of energy

threshold and it is a programmable value. The energy tank keeps accumulating the

power data and comparing it with the threshold, a pulse will be generated when the

data stores in energy tank larger than the energy threshold. When the pulse generated,

the energy tank will be cleared simultaneously. Since the energy threshold is combined

by two registers, the energy threshold is a 64-bit long data, it could always larger than

the maximum value of energy tank if setup properly. Then there are several way to

collect the counting pulse, it can be stored in pulse-counting register or transmit the

pulse to an external pulse reader. No matter how the pulse collected, the total energy

stored in energy tank can be calculated by multiplying the counted pulse with the

energy threshold.

Here is a concept of \pulse constant" that represents how much pulses have

been generated during one kilo-watt hour energy consumed through a speci�c me-

ter. A common value of pulse constant in regular energy meter design is 7200, it
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Figure 4.7: Power accumulation into energy tank

means there should be 7200 pulses counted during one kilowatt-hour energy con-

sumed. However, the pulse constant is programmed as 100 in V9003 metering mod-

ule design, much smaller than the common value but still valid, since it is a part

of vehicle-charging system. The energy resolution of the V9003 metering module is

1 kilowatt hour=100 pulse constant= 10 watt hour, therefore, any energy value less

than 10 watt-hour can not be detected by the metering module. It does e�ect to the ac-

curacy more or less, however, comparing with the energy volume that consumed in one

whole charging/discharging process, which is about 85 kilowatt-hour of Tesla Model

S as instance, one pulse will lead to10 watthour=85 kilowatthour � 100% = 0:011%

error. This error rate is much smaller than the Class 0.5 level meter requirement, thus

10 watt-hour could be a valid resolution to achieve Class 0.5 metering module. Another

bene�t of lower resolution is that the V9003 chip limited by computing power takes

longer time to do complex calculations, the interrupt might be triggered during the

calculation and initiate the �rmware because of the timer over
owed. A lower resolu-

tion sacri�ces the accuracy within an acceptable range to gain a more robuster system.

And there is the last but not least reason to pick a low resolution for the metering
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module design: over
ow time of the register. All the registers in V9003 chip is 32-bit

long, so as the pulse counter register. Thus, no matter how much the \pulse constant"

is, the upper limitation of pulses has been limited. Under this circumstance, the lower

resolution it sets to the larger total energy it can calculate before the pulse counter

over
owed. Therefore, a high resolution like 7200 pulse constant could be the option

of the module design, however, it does not have to be the champion.

Overf low time =
maximum length of pulse counter

pulses per charge=discharge� total charge=discharge time
; (4.7)

Equation 4.7 shows the method to calculate the over
ow time based on the

pulse constant. Here it sets the pulse constant of the metering module equals to

10watt-hour, assumes that the there is 20Kilowatt-hour energy 
owed in one hour

charging/discharging process and also assumes that the unit will keep running till the

pulse counter over
owed. Then it will take

Over
ow time = 2 31 pulses
20Kwh

10wh =pulse � 1hour � 24hours=day� 365days=year
� 122years:

Therefore, the pulse constant of the V9003 metering module is set as 100 in

summary.

4.3.5 The complete process of �ne calibration

In chapter three, a process of rough calibration has been introduced. In the 
ow

of rough calibration, the metering module deals with the \ratio" between micro-volt

level small signal and the volt/amp level output. However, there are still two issues

need to be solved in �ne calibration: gain calibration and phase compensation.

4.3.5.1 Gain calibration

The gain calibration is the superior replacement of \ratio" in rough calibration.

In rough calibration, the ratio is measured and calculated by the operate and write

the value of ratio into the �rmware coding, however, the V9003 chip o�ers a more

convenient way and several build-in registers to store the corresponding gain values.
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In this section, several 
owchart and formulas will be referred from Vango V9003

datasheet[20] to explain how V9003 chip works.

Figure 4.8 takes the voltage signal of phase A as example to show the RMS gain

calibration 
ow. The multiplier, low-pass �lter and the sqrt module are built-in part

of V9003 chip, the only step needs to be controlled by coding is the \Gain Cal" in the

dashed line box. The \SCUA" register is the gain register of phase A voltage. Several

formulas in V9003 datasheet explain that how to calculate the value of SCUA register,

strictly follow the instruction of the datasheet will get the result of gain, not going

to take much room to explain the calculations in this section. After the gain register,

SCUA for example, �lled with well-calculated value, the corresponding input voltage

of phase A will be stored in RMSUA register as the result of this process.

Figure 4.8: RMS gain calibration

Gain calibration not only applies on RMS calculation of voltage and current

but also on the power parameters. Therefore, all the corresponding gain registers are

needed to be �lled with pre-calculated valued by coding. And these values are bonded

to both the hardware and the �rmware setup, thus, it would be helpful to double-check

the gain register values every time the system upgrades or modi�es.
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4.3.5.2 Phase compensation

Phase compensation is a function that make a relatively small angle corrections

to the error of phase di�erent between input voltage and current, the goal of phase

compensation is make the power factor \unity"6.
To make the power factor unity or eliminate the phase di�erence, there are two

common methods:

ˆ Adjust the voltage-divider network or add/adjust the RC �lter of voltage/current
input channel

ˆ Compensate the phase angle of signal, it could be voltage or current signal

The �rst method is more tend to hardware modi�cation, it more suits for the

rough calibration but not a universal choice to apply on the units working on di�erent

conditions. Thus, the built-in phase compensation function of V9003 metering chip

has been called to calibrate the power factor.

Figure 4.9: Flowchart of phase compensation

Figure 4.9 takes the channel A as example to show the 
ow chart of the phase

compensation. The parts enclosed by dashed lines called delay chain, it will slightly

lag the voltage or current of the channel depending on it is phase leading or lag-

ging. It is obvious to �gure out that the minimum resolution of phase compensation

6 Section 4.3.3 explains the phase di�erent, power factor and unity power factor
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equals to one \link" of the chain. Since there are 16384 sampling points in one pe-

riod based on V9003 chip, the smallest step between two joint sampling points is

360 degree=16384 samplingpoints= 0:022 degree. Because the length of phase com-

pensation register for each phase is 32 bytes, the maximum length of delay chain is

0:022 degree� 32 bytes� 8 = 5:632 degree� � 2:8 degree

� 2:8 degreephase compensation is a relatively small range of angle to adjust

the power factor, but as a method of �ne calibration also combined with well-designed

external input circuit posted as Figure 3.2, it is su�cient enough to calibrate the power

factor to Class 0.5 level.

4.3.5.3 Magic number

After the gain calibration and phase compensation are done in the initial stage,

the calculated parameters of these two functions will be saved into the corresponding

special registers of V9003 chip. With the well-calculated values are written, the cal-

ibration function of Class 0.5 level metering module runs successfully. However, the

values will be lost if the unit is powered o�, another round of calibration has to be

run again after the unit is powered on. It not only just time-consuming but also may

not run the calibrate function in a proper environment, this will cause data confusion.

Therefore, a better way to solve this issue is to save the well-calibrated parameters

into an external EEPROM, and ask the V9003 chip to read the EEPROM �rst when

the unit is in initialize stage. The magic number is a non-null number selected to be

unlikely to already be in EEPOM by chance, in order to con�rm that the EEPROM

has previously saved the properly calculated parameters.

Assuming that there is a brand new metering module with an external EEP-

ROM, several parameters will be written into the corresponding special registers also

be saved into the EEPROM after the �ne calibrate function is done. The calibration-

reserved address of EEPROM is null so that it can not match with the magic number

written in the metering code, thus the data in EEPROM will be deemed to have failed

the detection, or the context in EEPROM does not conform to the current version
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of metering code. The �rmware code will erase the whole EEPROM and write the

parameters with the correct magic number into the reserved address. If the unit lost

power unexpectedly or manually reboot by the operation, the reserved address will be

accessed and the stored parameter with the magic number will be retrieved before the

�ne calibrate function runs again. The retrieved magic number will be compared with

the hard coding magic number to ensures consistency, the retrieved parameters will be

moved to the proper special registers to �nish the calibrate step.

By adding the magic number, the stability of the metering module is increased

also improves the e�ciency of the metering code. Not only the parameters of calibrating

functions but also the energy values need to be stored in the external EEPROM.

The energy data accumulated over time and should not be erased unless the operator

well-marked all the previous data and starts other rounds of accumulation, which is

not a common operation. Thus, the energy data needs to be permanently preserved

every time it updates, the external EEPROM is undoubtedly the best choice for data

preservation.

Since the previous accumulated energy data is supposed to save in EEPROM

and a unmatched magic number will erase it, the magic number in �rmware code

should not be altered unless a signi�cant version updates to zero all the previous data

intentionally.

4.3.5.4 Work
ow of Class 0.5 level metering module

After introduced the gain calibration, phase compensation and energy tank, it

is time to go over the whole process of Class 0.5 level metering module. Figure 4.10

shows the 
owchart of the �ne calibration processing.

The work
ow is a sequential combination of the following steps:

1. External circuit to scale down the grid-level voltage/current inputs to micro-volt
voltage signals that 
ow into V9003 metering chip, Figure 3.2 in section 3.4.1
explains the circuit design.

2. By programming the special registers with the proper parameters calculated by
gain calibration and phase compensation functions, the voltage/current value of
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grid side will be calculated by the micro-volt input signals. Section 4.3.5.1 and
4.3.5.2 explained these two functions.

3. With the pre-set energy threshold, the pulse of energy tank will be generated
when the accumulated energy beyond the threshold. The energy tank has been
introduced in section 4.3.4

4. Every time a energy pulse generated, the EEPROM will update the storage
energy data as well. The EEPROM and magic number is in section 4.3.5.3.

5. The metering module should response to the VEL module with the latest electri-
cal data when it inquiries. The metering module will assemble a data package as
introduced in section 4.1.2 and communicate with the VEL module with UART
bus shows in Figure 4.14

4.3.6 Auto-calibrate function

In previous section, a description of calibration process has been made. By fol-

lowing the 
owchart Figure 4.10, a complete calibration will be done, all the calibrate-

related special registers will be �lled with the pre-calculated parameters and the Pow-

erPort unit will be run with Class 0.5 level metering module.

However, one issue still worthy of attention, and it causes unnecessary trou-

bles occasionally, the issue is about the pre-calculated calibrate parameters. Since the

calibrate parameters calculation are based on ideal conditions, that is to say, all com-

ponents are assumed to be with zero error and there is no unexpected redundancy in

the circuit, thus the error of the metering module might beyond the allowable range

in practical or there might have a signi�cant di�erence from unit to unit. Therefore,

an idea to solve the issue is that calculates the parameters based on the actual sit-

uation of each unit instead of hard-coding the consistent parameters into every unit.

Auto-calibrate function is written to implement this idea.

Figure 4.11 is the 
owchart that shows the process of auto-calibrate function.

Auto-calibration, brie
y speaking, is a function that calls in the initial stage of me-

tering �rmware or manually called by the operators, it compares the output values of

the metering module with the rating input from Calmet, by applying the correction

formulas to reduce the error between the above two and adjusting the pre-calculated
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Figure 4.10: Flowchart of Class 0.5 level metering module
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parameter. The updated calibrate parameters will be update to the V9003 �rmware

also store in the external EEPROM for the next initial stage.

Figure 4.11: Flowchart of auto-calibrate function

S = 231 � (
1

1 + e
� 1) + S1 � (

1
1 + e

)[20]; (4.8)

Equation 4.4 is quoted from V9003 datasheet that used for gain parameters

calibration. S in Equation 4.8 represents the updated gain parameter which going to be

written into the corresponding special registers to correct the error of the output value.

S1 is the original gain parameter, usually it means the EEPROM stored parameters,

auto-calibrate function adjusts the uni�ed S1 to an unique S which suitable for each

unit. The Equation 4.8 could be applied on RMS data calibration also the power

calibration as a method of gain calibration introduced in section 4.3.5.1.

N =
3011

2
� e �

f ADC

819200
[20]; (4.9)
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Equation 4.9 is the calibrate function for phase compensation that introduced

in section 4.3.5.2. The fADC is the sampling frequency of the V9003 MCU. The fADC is

a programmable variable but it usually takes fADC = 1
8 MCU frequency = 819:2kHz

e = error rate =
Valueoutput � Valueinput

Valueinput
� 100%; (4.10)

All the e in formulas above refer to the error rate between output and input,

Equation 4.10 is the formula to calculate the error rate that applies on the auto-

calibrate functions. Also, the Equation 4.10 is used to test whether the error rate in

within the allowable range of the Class 0.5 level standard.

4.3.7 Class 0.5 level metering module �rmware 
ow

After understanding the calibrate functions and formulas, all the functions of

Class 0.5 level metering module are well-introduced. Figure 4.12 is a 
owchart depicting

the working principle of the Class 0.5 level �rmware.

The work process of metering �rmware can be approximately divided into two

parts: initialization stage and the continuous loop stage.

The initialization stage in Figure 4.12 is from the very top block down to be-

fore the \while loop" block. In the initialization stage, the interrupt, memory, special


ags, UART channel will be setup, the data stored in EEPROM will be retrieved and

check the magic number to ensure the validation. The calibrate parameters, either

retrieved from EEPROM or write from metering code, will be written into the corre-

sponding special registers to �nish the rough calibrate setup. If the operator observes

that the output metering data is out of scope, an auto-calibrate function will be man-

ually triggered by the operator. The reasons to trigger the auto-calibrate function

instead of running automatically is that (1) the auto-calibration function is a more

time-consuming function if compares with others, the running time of auto-calibrate

function is absolutely shorter than the watchdog timer, however, if there is a trans-

mission delay or collisions it might trigger the interrupt even if the auto-calibration
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Figure 4.12: Firmware 
owchart of Class 0.5 metering module

function is yet to �nish; (2) the result of auto-calibrate function will be saved into

EEPROM immediately. Therefore, unless the unit is a brand new one the calibrated

parameters should be found in external EEPROM and can be inherited directly with-

out re-run the function again. Therefore, based on the two reasons above, it is needless

and unnecessary to set the auto-calibrate function as an auto-run function in initial-

ization stage. The dash line in Figure 4.12 indicates that it is a function that manually

triggered by the operator.

The continuous loop stage is second half part of Figure 4.12 that starts from the

\while loop" block to the bottom. In this stage, the metering module keeps running to

collect and calculate the electrical data of the unit. However, the metering module will

not actively send data package to VEL module until it is inquired. The format of data

package has been introduced in section 4.1.2, and all the packages can be approximately

divided into four categories: single-phase/one-phase power inquiry; three-phase/whole
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system power inquiry; energy inquiry; special functions. No matter which type of the

data packages has been called, the data will be sent to VEL module through UART

bus also update to external EEPROM that ensures whenever an unexpected power

failure or reboot occurs, the unit can be restored with the most recent valid data.

4.4 Dual-charging EVSE

Since the Class 0.5 metering module has been upgraded and deployed to the

EVSE unit, there still other improvements could be applied on the charging system,

dual-charging EVSE is one of the improvements need to be done. Dual-charging EVSE

is a EVSE unit can charge/discharge two EVs, it requires that there are two separated

metering modules embedded in the unit and each of the metering modules should be

isolated to the other also capable of fully functional running even if the other is down.

Dual-charging EVSE is a systematic upgrade that demands many modi�cations on all

the modules in EVSE, however, the discussion of this section will only focus on the

updates of metering module, not going to elaborate on other modules that works with

it. The core of metering module in dual-charging EVSE is not changed signi�cantly,

because the electric input signals to each metering module are designed to be completely

isolated. There is no problem to run the calibration and data collection on either side as

introduced in previous chapter. However, the communication function of the metering

module in dual-charging EVSE needs to be re-design to adapt to new requirements.

4.4.1 Identify pin and command table

Since two metering modules in dual-charging EVSE run separately, a quite

common scenario is that one side is charging but the other side is idle, or one side is

charging the other side is discharging. Therefore, the data in each metering module are

not same at all most of the time.Then a issue needs to be solved is that how to locate

and communicate with a speci�ed metering module when the aggregator server request

data on real-time. Because the way to communicate between aggregator and the EVSE

unit remains the same as previous version in dual-charging system, the more speci�c
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question is how the superior module send command to the speci�ed metering module

and how the superior module can tell which package is the reply by that metering

module.
To answer the question above, two new concepts needs to be introduced: identify

pin and command table.

ˆ Identify pin is an idle pin of V9003 metering chip. By pulling up/down the iden-
tify pin, a physical di�erence has been made on two same metering modules. Here
it names the metering module with identify pin pulled up as primary metering
module, the other one is the secondary metering module.

ˆ Command table is a list contains all the commands that may be obtained from
the VEL module, each command in the table corresponds to a case. The cases
in primary/secondary metering modules are identical, it is quite obvious because
they are similar modules running with same functions, but the commands are
completely di�erent to make a distinction.

Figure 4.13: Sending and receiving commands in dual-charging EVSE

Figure 4.13 is a simpli�ed diagram shows the process that a command-reply

pair transmitted in dual-charging EVSE. In the initial stage of the metering module

the status of identify pin will be read and record, the corresponding command table will

be write into the metering module to distinguish the two modules. To call the cases, the

primary metering module looks forward to some numbers as commands, the secondary
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metering module waits for letters instead. At a certain moment, the aggregator requires

that the case \1" from secondary metering module of this dual-charging EVSE, thus

the VEL module will send an \a" to the communication bus. All the slave modules

keep listening to the master and will receive all commands no matter it is for this

module or not, thus the command \a" will be received by all modules. However, after

comparing \a" with their own command tables, only secondary metering module will

be triggered and reply a message back. In the de�nition header7 of this message, the

secondary metering module will mark the message with \KIND = METB" to show

the source. Table 4.2 is a brief summary of the cases and corresponding commands on

primary/secondary metering module.

Case Intention Primary Secondary
1 Requires power data of phase A 1 a
2 Requires power data of phase B 2 b
3 Requires power data of phase C 3 c
4 Requires energy data of system 4 d
5 execute erase command 5 e
6 execute auto-calibration8 command 6 g
7 Requires power data of the system t y
8 Requires revision information r v

Table 4.2: Cases and command table for the metering modules in dual-charging
EVSE

4.4.2 Anti-collision communication bus in dual-charging EVSE

In Figure 4.13, the communication bus has been mentioned brie
y: It is a

strictly master-slave bus. VEL module, the master device of the bus, will send a short

command to all the slaves on the bus but only expect one slave to reply it. The slave

modules, including metering modules and RCD modules, keep monitoring the bus and

7 The format of message introduced in section 4.3.2

8 Auto-calibration function introduced in section 4.3.6
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only reply the commands contained in its command table. Then a question needs to

be answered is that how to avoid message con
ict on the bus.

Figure 4.14: Anti-con
ict TTL circuit

Since it is a strictly master-slave bus and there is one and only master device on

the bus, the VEL module controls rhythm of the message 
ow on the bus as the master

device. It will not send next command until the previous one has been replied or time

out. Therefore, there should not be any collision in the process from master to slave

side. Then the question has been narrowed down to the process from slave to master.

Figure 4.14 is a simpli�ed circuit diagram of slave to master process. All TX pins of

the modules are connected by an AND gate and set as logic high as default. Any of

the slave modules transmitting package on the bus will pull the bus down to logic low.

The AND gate will transmit the package to VEL RX pin and recovered back to logic

high as idle status. Theoretically, the bus should idle or just one slave speaking at a

time. However, if any of the slaves takes too much time to collect data, the master will

mark the preparing package as time-out then starts next round communication. At this

moment, two modules may send the messages and pull down the bus simultaneously.

Since the bus carries from a a orderly output to irregular garbled, the de�nition header

can not be properly detected by the VEL module. The message without a proper

de�nition header will be dropped by VEL and repeat to ask the same information from

the slaves after a proper delay time. By this method, it can tell that the VEL module

is capable of detect collision on the bus and re-schedule the data requirement, however,

it makes the e�ciency lower. Therefore, the key to avoid the collision happening is to
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estimate the time consumption of data collection and calculation accurately, and leave

enough time for slaves to send out the prepared message. In other word, by controlling

the communication delay to make it becomes a strict one-to-answer communication

without collision.

4.5 Testing and Certi�cation

4.5.1 Testing environment

Figure 4.2 is a photo taken in regular test situation that contains all the nec-

essary components to do the accuracy test for PowerPort unit. Figure 4.15 takes a

single-phase unit as an example that marks the connectors on the unit and how the in-

put and output wires should be connected. By connecting the unit to a laptop through

serial communication tool, the output data, not only metering data but also all kinds

of VEL outputs, can be read on a visualized interface called the PowerPort Analyzer9.

Figure 4.16 is the user interface of PowerPort Analyzer when measuring a single-phase

unit with setting the input as 100V, 10A, PF angle equals to zero.

4.5.2 Test data

Test equipment: Calmet C300B, DC power supply, PowerPort EVSE, PowerPort

Analyzer user interface.

Test standard: ANSI C12.20[28]

Test number 1: Load performance10

Table 4.3 shows one set of load performance test data measured by a three-phase

unit.

9 I did not develop the PowerPort Analyzer myself, it is a tool developed by the UD
EV Group. I describe it here because it makes the accuracy test much more convenient.

10 Please read the section 5.5.4 of ANSI C12.20 to �nd the speci�c testing condition
and requirements, only the testing data will be posted in this section.

11 Teraterm prints the hexadecimal as the raw data, there are three digits after decimal
point for voltage and current, 2 digits for frequency, 1 digit for power and power factor
angle. PowerPort Analyzer displays these as decimal numbers.
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