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ABSTRACT

IMAN MAZHARI. DC microgrid with controllable load¢Under the direction of DR.
BABAK PARKHIDEH)

The conventional electrical system in place todagssour electrical devices
powered by AC mains. But as renewable technologmsome more prevalent, DC
microgrids could be a cheaper and more efficietdriahtive. To avoid any possible
technical issue such as power, and energy balgoeeer quality or protection problem,
any microgrid must operate in both grid connected grid disconnected (islanded) mode
without compromising grid reliability, voltage afr@quency balance, consistent with the
minimal standards for all connected devices. Onhede requirements is a regulated bus
voltage within the acceptable region to avoid amgasired power fluctuations. This
research shows how this requirement can be provateal DC microgrid integrated with
a single-phase bidirectional inverter through usingadvanced control method to operate
with no grid information, and without contributitige solar DC-DC converter. This system
can intelligently and efficiently operate in islamglmode when load shedding is employed
to regulate the DC bus voltage with providing tlendnd response requirements. Also,
this enables controllable loads to ride-throughl guitages, and it can be used as a retrofit
solution for existing topologies with increasing #fficiency and improving the reliability.

Also, an active anti-islanding protection method piposed called Locking
Frequency Band Detection (LFBD). Islanding conditrefers to an undesired event on
which a portion of utility system including bothstlibution generation (DG) and local
loads are disconnected from the grid of DGs powgetite local loads. As unintentional

islanding of a DG results in power quality degramiat interference to grid-protection
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facilities, equipment damage, and even personfetysiasues, an anti-islanding protection
method is needed to control power system operalfiba.proposed method functions by
introducing a virtual detection band only basedlamal grid frequency across the load.
Hence, it has little or no impact on distributioengration (DG) output and its power
guality, and it does not get affected by numbdd@E. In addition, the proposed protection
method eliminates the dreaded Non-Detection ZoneZ)Nfor DG systems typically

observed during most severe power system trans@rditions. Detailed description of
both proposed algorithms is explained and its perémce and efficacy are evaluated

through simulation and hardware experiments fdedght conditions.
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CHAPTER 1: INTRODUCTION

Distributed generation systems (DGS) based on solargy (photovoltaic and solar
thermal), wind, biomass, mini-hydro along with wdduel cells and micro turbines have
gained considerable momentum in the recent years.t®the significant advantages that
they can provide, they nowadays have become a vedig to reduce environmental
pollution, to address the drawbacks of long-distantansmission, to provide
uninterruptible power, to meet the short-term péa&d and to improve equipment
performance, however, large-scale of DGS has s@gative effects, such as the high cost
of single generation access, and will make it naliffecult to control. From the grid point,
DGS must shut down when it has impact on the systdtage and frequency, for example
when the grid is disconnected from the rest ofgbeer network to create a localized
network supplied by DGS. In addition, when ther @mintentional events on the system,
DGS must get off the system immediately, which umdees the advantages and potential
of DGS. To coordinate the contradiction between dhgtem and DGS, there comes a
concept of microgrid [1-5].

A microgrid (MG) is a set of distributed energy sms, loads and distribution
network assets that are coordinated and contreliddn clearly delimited geographical
boundaries and can operate in grid-connectedandgld mode. The main benefits of using
a microgrid are increasing renewable energy awidtigbimproving reliability and

independence/security of the system [1-2, 6].



MG concept was originally proposed in 2002, as édimg block of future low-
voltage distribution systems which were experiegaievolutionary changes at the time
due to market liberalization and introduction o$tdbuted generation (DG) [7-9], and
controllable loads which can operate connectetieéatedium voltage grid or islanded in
a controlled coordinated way.

MG was based on the idea of aggregating numberiaonsources and loads into
one unique entity, which could be interpreted amgle dispatchable consumer from the
overhead power system viewpoint. [10], and it affiearious advantages to end-consumers,
utilities and society, such as:

1. improved energy efficiency

2. minimized overall energy consumption

3. reduced greenhouse gases and pollutant emissions
4. improved service quality and reliability

5. cost efficient electricity infrastructure replaceme

Microgrids provide clear economic and environmelhefits for end customers,
utilities and society, however, their implementatmoses great technical challenges, such
as a protection of microgrid [10]. AC and DC MGsvesll as hybrid MGs have been
proposed for different applications in recent ygdrks-16]. While much of interest has
largely focused on ac MGs [16-17], DC MGs are regdead recently to facilitate
integrating of modern electronic loads and altewea¢nergy sources with dc output type
such as photovoltaic (PV) system, fuel cell, andrgy storages (e.g., secondary battery

and super capacitor) [7-12, 17].



1.1.AC microgrid Systems

All DGS units with AC power output are directly gmtted to an AC bus line and
then to the main system via power converters feir thtable coupling. Examples of the
DG units that produce the AC output power includiedturbines, low-head hydro, biogas,
tidal and wave turbines [2, 11]. These units areallg directly connected or may need the
AC/DC/AC power converters to enable their stablgptimg with the AC networks. In that
case, the AC network can be interconnected witlbtile system (utility) through a power
transformer. In addition, the AC loads are directhypled while the DC loads require the
AC/DC power converters in order to be connectetiéoAC microgrid. On the other hand,
the DG units which produce DC power output (e.t¢argehotovoltaic arrays, fuel cells and
energy storage devices) can be connected to thbusGine of the AC microgrid using
DC/AC inverters [12, 16]. Fig. 1.1 indicates thpital configuration of the DG units with

the AC power output (e.g. wind turbines) and thahwhe AC power.

DFIG-based wind Turbine

Breakers ACBus
" Power
L} N L Transformer
T AC/DC/AC 2 § Utility
95%
DC Bus
— DC link
MPPT 1 Inverter L | Power |Capacitor |
- — Rectifi Factor 1 DC/AC or ACorDC
N eetifler | | Correction | [ DC/DC | | Load
(PFC)
DCBus 08 5% 95%
| .
T 97%
MPPT Inverter
T L
AC Load
. N\
98% 97%

Figure .1.1 General Scheme for a conventional A€ agirid with estimated conversion efficiencies



In [17], a comparative model to assess overall emign efficiencies of AC
microgrids for residential applications has beasspnted, and it has been shown that each
power conversion stage loses about 2.5 % of theggrikeconverts.

1.2.DC Microgrid Systems

Considering the deployment of most efficient electtppliances which operate
internally on DC [712, 16-17], significant energy saving could be otad by directly
coupling DC power sources with DC loads, thus bgpasDC-AC-DC power conversions
and using a DC power distribution system. With rdg@ traditional AC, this kind of
distribution has proved to offer more efficient amdiable energy transfer. Referring to
this and other benefits, such as avoidance of pnoblwith harmonics, unbalances,
synchronization, and reactive power flows, differéypes of DC power distribution
systems are experiencing more and more widespraadand DC-internal loads such as
all consumer electronics, fluorescent and LED lighhsystems, commercial data centers,
efficient DC motors, electric vehicles will contieito grow rapidly in both residential, and
commercial applications [6, 18-20].

For example, based on the study performed by LawereBerkeley National
Laboratory (LBNL) up to 7.2% energy savings carablieved by comparing data centers
with DC distribution to AC data centers [21].

As an example, the PV systems have a highly modirdacture with many possible
configurations available in which the PV invertenmcbe connected [22]. The emerged
configurations are designated as the central iavertstring inverter. In that way, the DC
based DG units and energy storage devices protiede@ power which would be easily

connected to the DC bus line or DC network. An gnetorage system (ESS) can also be



charged/discharged with the DC network and load3 §Ad DC loads) be connected [23].
In this case, the AC power generating units need@rmC power converter for their
connection to the DC network [24-26]. Fig. 2 depiaet DC microgrid with DG units
connected to it via the common bus bar at PC@idfrequired to connect a AC based DG
unit (wind turbine) connection to the common DC htishis end, it needs inverter while
the DC based DG units are directly connected asatetl in the Fig. 1.2.

The conventional DC microgrid including multiple EEIZC converters for all
connected DC loads to provide the required voltagel is shown in Fig.1.2. As we can
expect, no reactive power and harmonics existigaystem, so higher power quality and
system efficiency are obtained [7, 12, 16-17].
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Figure.1.2. Typical configuration of a conventibB& microgrid

Any MG can be operated in a grid-connected modmaslanding (standalone) mode,
and these two operation modes of MGs can be brgdbfained as follows: When tied to

the utility system (i.e. grid-connected mode)siknown as “On-grid mode”. In this mode,



the MG is usually connected to the main mediumag#t(MV) e.g. 11-66 kV, or low
voltage (LV) e.g. 110-690 V grid depending on theakion and the total capacities of the
installed DG units [27]. It either receives or gelis some amount of power into the main
utility and provides power support to its localdsa

Moreover, the main function of the DG units is engrate power and provide local
and power support in the microgrid systems. Withititerfacing power converters, such
as DC/DC and DC/AC converters, controllable actind reactive powers can be produced
in MGs by which their reference values of each Diidsuare commanded by the controller.
Also, some DG units can be controlled to geneirzé maximum power point (MPP) as
in wind turbines and PV arrays. Upon fault occuceeand its subsequent switching events,
the MG is disconnected from the utility as soomassible and supplies its local loads. In
this case, the MG is in islanding mode also knowr@ff-grid mode” and it operates
autonomously in a similar way to the physical islemvhen disconnected from the main
network. In islanding, load shedding can be emppyehe power generated by the DGs
of the MG is insufficient to support all its lodabds [28-30].

Based on the EMerge Alliance Data/Telecom Cen&f)\/3s selected as the nominal
bus voltage, as it is the global sweet spot farddadized components with the best balance
of economics and safety. Power distribution at 38QVhas inherent advantages over
lower voltages such as: (1) enhanced distributegpabilities (2) lower equipment costs
and (3) improved sustainability from reduced copyee. [31]. It should be noted that in
this research lower voltages for the common DC usonsidered to make the

implementation of lab-scaled prototype more feasibl



To understand the power, and voltage rating agpkctor different MG topologies,
with referring to literatures, Table 1.1, and 1h@w respectively some typical examples
of AC and DC MG systems installed in various coestor used as testing prototypes. In
most cases, the AC microgrid system operationgrgoatible to the voltage and frequency

standards applied in most conventional distribuigstems [2].

TABLE 1.1. Some typical practical example of AC noigrid

Location Voltage | Frequency Capacity & Components
Level (Hz)
Greek Island| Single-phase 50 12KWp from PV system, 85KWh
from battery
Hachinohe, N/A 50 150 KW Power from PV and wind
Japan 100KW from battery, 510KW from
gas engine
Senegal 220V 60 3 MW
Japan 110V, 240V 50.60 50KW- 2MW
Portugal 400V 50 50-200 KW

As described before, due to the dominant applinadfoDC based load, especially in
consumer electronics, the DC power systems havedeggdoyed considerably in industrial
power distribution systems, telecommunication istinactures and point-to-point
transmissions over long distances or via sea cauldgor interconnecting AC grids with
different frequencies. Table 1.2 shows the typemamples of the DC MG systems used
as a testing prototype or typically installed foostof the data centers or critical load

applications.



TABLE 1.2. Some typical practical example of DC roigrid

Location Voltage Range Capacity & Components
Sweden for IBM data center 24-350/380 V Greaten Sid\W
Japan NTT group 380/400 V Greater than 5SMW
New Zealand Telecom 220V 0.5-5MW
US Intel Corp 400V Greater than 5MW
General Case 187.8 -450 V 600-2100 MW
Testing prototype 200, 400, 415 SKW, 15 KW

In a DC microgrid, power from the main utility or@units and Energy Storage
Systems (ESSs) can be transmitted using a commodigdibution line with single cable
(monopolar dc link), two cables (bipolar dc link)even three cables (homopolar dc link).
The first two configurations are normally used fé¥DC long distance transmission
system while the homopolar one is mainly usedwVoltage distribution system (LVDC
network) [2-3].

To avoid any possible technical issue such as poamt energy balance, power
quality or protection problem, any MG must operatéoth grid connected and islanded
mode without compromising grid reliability, voltaged frequency balance, or protection
schemes, consistent with the minimal standardalf@onnected devices. To comply with

these standard, some requirements need to be nadt istdescribed in the Chapter 2.



1.3.Motivation

Compared to conventional AC-based electrical systedue to the considerable
growth of renewable technologies, DC microgrids enattracted so much attention in
recent researches, and have been extensively @ebleyDC microgrid provides an
affordable, reliable, flexible and resilient loealergy generation and delivery, and it is definred a
an integrated energy system intelligently manadgiteyconnected DC loads and distributed energy
resources which can operate in parallel with (godnected mode), or independently (islanded
mode), from the existing utility’s grid. Becausesaime reasons such as extensive application of
DC-based consumer loads, inherited capability cififating static storage integration, significant
cost and performance improvement due to the elimonaf conversion stage, and consequently,
increased efficiency, researchers have been ergmaita reconsider dc microgrids in recent years.
This research by proposing two algorithms focusesw@ different aspects of DC Microgrids:

First is introducing a new anti-islanding proteantimethod which is called locking frequency
band detection (LFBD) method. Compared to othewventional method, this proposed method
functions by introducing a virtual detection bamdlydbased on local grid frequency measurements
at the Point of Common Coupling (PCC). Hence, & litle or no impact on DG output and its
power quality, and it does not get affected by nends DGs. In addition, the proposed protection
method eliminates the dreaded Non-Detection ZoreZNfor DG systems typically observed
during most severe power system transient condition

Second, with assuming that at least one contr@l&I load such as energy storage system
(ESS), or LED lighting system is connected to ti@ &mmon bus, a new algorithm is proposed
to regulate the DC bus voltage without contributihg solar DC/DC converter. This system can
intelligently and efficiently operate in islandingode when load shedding is employed to regulate
the DC bus voltage with providing the demand responequirements. Also, this enables

controllable loads to ride-through grid outagesl #rcan be used as a retrofit solution for exgstin
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topologies applicable to any type of controllabl€ bads with increasing the efficiency and
improving the reliability. Also, maximum power poifMPP) can be maintained by controlling the
DC/DC converter integrated between the PV sourtflze controllable load, and the solar DC/DC
converter can be omitted which brings significdfitiency improvement, and anticipated saving

in the probable maintenance cost.
1.4.Aim and Outline
Based on the motivation in the previous sectioa aims with this research are:
Microgrid protection requirements are briefly daésed, and islanding
detection as one of these requirements which masectault into the system,
and endanger safety of personnel is explained.
Categorization of islanding detection methods andfltomparison of all
conventional methods are described.
A new method for islanding detection method whiakyaelies on frequency
measurement of point of common coupling (PCC), andalled locking
frequency band detection (LFBD) is presented, aisdudsed for different
conditions.
The proposed anti-islanding method is tested, andied for different load
conditions with different quality factors ().
A new algorithm to regulate the DC bus voltage ircanventional DC
microgrid without contributing the solar DC/DC camter is presented.
The proposed method called power matching poirdking (PMPT) can
eliminate the need to a bulky DC capacitor, anagisisd a retrofit solution for

existing DC microgrids.
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Proposed method can be used whenever there isoarer pnismatch between
the source, and the controllable load which carepeesented as an irradiance
drop, probable shading, or power imbalance whicghibe caused after
islanding event.
PMPT is discussed in both adaptive, and non-adaptivdes. Adaptive mode
is a practical condition when the exact amounhefdccurred power mismatch
is unknown, and non-adaptive mode happens whenkpow how much
current would be enough to maintain the power lavhich is an ideal case,
and it is not happening practically.
The proposed PMPT method is tested and verifieautiir both simulation,
and experimental results for different scenariog] all possible associated
challenges are discussed.
Chapter 2 summarizes the microgrid protection requirements] &ocuses
islanding detection with indicating commonly deyad methods.
Chapter 3 explains the proposed anti-islanding method in iketedded with
provided simulation results verifying the conceptdifferent conditions.
Chapter 4 explains the proposed PMPT method in details add#d provided
simulation results verifying the concept for difat possible power mismatch.
Chapter 5 presents the experimental verification of bothpmsed algorithms in
different conditions.

Chapter 6 contains conclusions and ideas for future work.
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1.5.Scientific Contributions
A new method for islanding detection method whialyaelies on frequency
measurement of point of common coupling (PCC), andalled locking
frequency band detection (LFBD) is presented, aisdudsed for different
conditions.
A new advanced paired control called power matchimigt tracking (PMPT)
to regulate DC bus voltage with no grid informatiand without contributing
the solar DC/DC converter is proposed, and veriftgdlifferent conditions.
A multi-purposed generic converter (MPGC) which sists of DC/DC, and
DC/AC converter with the capability of analog anditl control has been
designed, prototyped, and tested.
The proposed anti-islanding detection algorithmecalLFBD is tested and
verified through simulation for different qualityadtors for both single-
inverter, and multi-inverter system.
LFBD method has been developed into a C++ codeit &iad been run through
Tl Delfino DSP (F28335), and the implemented DC/&@hverter for both
single inverter, and multi-inverters system.
A new PMPT method is tested and verified throughusation for different
scenarios that can create power mismatch intoyters.
It has been shown that the source-load systenbeiihut down if the PMPT
method is not employed, and this method is requivectgulate the DC bus

voltage.
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A controllable DC load which has been implementetbugh a Chroma

programmable load has been integrated through ®&0DCbnverter with a PV

source which is modeled by a TerraSAS PV simulator.

An experimental setup has been built and useddw $he feasibility of using

the PMPT method. This PMPT method in both modeadaiptive, and non-

adaptive control have been presented.

1.6. Summary
This chapter presents an introduction to this nreseproviding a brief background

about the definition of AC, and DC microgrids, amtdey they are prevailing in modern
power network. Some typical examples of both A@] BC architectures are presented,
and the main reason that why DC microgrid are @titrg more attention in recent research
is discussed. Also, the main motivation of doirig thsearch, the scope of this dissertation,
and main contributions obtained after accomplishinig work are briefly presented. In
the next chapter, the main requirements to prdgt and all challenges related to this

matter will be described.
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CHAPTER 2: MICROGRID PROTECTION REQUIREMENTS

The design of protection system for AC, and DC M@ challenging task because of
contribution of many involved parameters. Also, tlu¢he significant difference between
fault currents in off-grid, and on-grid mode, saap@roach cannot be used for both modes.
As one of these challenges in a DC microgrid coeghdo an AC microgrid, it can be
mentioned that in DC systems, the current doeshaw¢ any natural zero crossing, thus,
short circuit current is very difficult to be deted. As another discrimination, in off-grid
condition, inverter fault currents may not havefisignt magnitude to bypass the
conventional threshold commonly set by over-curtechniques. For this reason, it is
valuable to realize which principles of protectaesign for AC systems can be applied to
DC systems [32-36].

In general, any protection scheme must be ablddntify any abnormal operation
with considering the required security level. Tosio it should able to detect any ground
fault to ensure system safety. Also, to maintaia $lystem stability, and to avoid any
possible damage to equipment, the protective reshgsild respond in the least possible
time in any abnormal conditions to resolve thetfaahdition. i. e. ‘the speed of response’
is an important parameter. Among all these issthes, protection scheme is basically
derived from two: the number of the installed DQsah are also called microsources, and

the availability of a sufficient level of short-cirit current in an islanded operating mode
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of the microgrid [2, 16, 37-38]. In islanded modehere are directly connected rotating

machines, it would be essential for protectioneysto respond fast enough to minimize

the probable fault, and voltage dip duration. Tés operation improves the ability to
maintain the synchronization, and smooths the ifiansto the islanding [39]. In other
words, when microgrid mode changes from grid-coteteenode to grid-disconnected
mode, fault current paths could be different. Duéhe dynamic structure of microgrids,
especially during the transition between differgm¢ration modes, MG topology can affect
the protection scheme.

Generally, main issues regarding protection systemsicrogrid design can be listed

below [40-43]:

1. Those faults that can create high levels of curstoiuld be instantaneously detected
by power electronics circuits to act properly

2. During a fault, DG can be controlled to be a vaitagduction device or an impedance
alteration device to limit fault current.

3. Power control is required for grid-connected mael voltage, and frequency control
are necessary for islanded operation.

4. Traditional over-current methods will not be appbte as operating conditions are
constantly changing. So, it does not guaranted fauisitivity or selective operation
for all possible faults.

To resolve these issues, fulfilling the speed megments, structural choices may be

divided into: 1) switch technology needed; 2) comination technology needed; and 3)

size of distributed energy storages or centralgnstorage on the low voltage microgrid.
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After listing main protection issues which are coomamong all microgrid systems, we
can focus the features that might vary for AC, Bx@imicrogrids.
2.1. Protection Strategy for AC Microgrid

There is no specific standard for overall protatiod the AC microgrid, whereas the
devices which are mostly used for the AC distribmitinetwork protection are: (i)
overcurrent relays, (ii) reclosers, (iii) sectiamats (SCB), (iv) miniature circuit breakers
(MCB) and (v) fuses. So, for the low voltage distition protection schemes, coordination
philosophies vary from utility to utility such ag fuse saving schemes, (ii) fuse blowing
schemes, (iii) instantaneous reclose and (iv) éelagclose.

Based on the literatures, the details for microgodes such as MG PCC protection
zone with circuit breakers (CBs) and static switeginsfer (SST), feeder protection with
CBs and SCBs, accessible control for customers M{@B and the DG units with MCBs
are provided. Also, applications of high speedgxtbn devices such as the standards IEC
61850- based communication for fast response, tsedegnd reliable operating scheme,
are highly recommended to maintain a fully smaid.gr4-47].

The protection systems that are commonly usede\h MG can be directly utilized
to protect against the faults happening on the W€ ef the bi-directional inverter. If the
same devices are going to be used to protect thesiB&; different rating needs to be
considered. Also, for the fuses to operate fagtigh, they require to tolerate high current
in a short time. That's why the load power convesteould be selected with higher rating
power than the amount of power which can be pral/tiethe source. If that rating for the
load power converter is not available, fuses shbeldeplaced with much faster protection

relays [48-49].
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2.2 Protection Strategy for DC Microgrid

The DC MG faults are covered with combined overentr and short-circuit
protection together with earth fault protection.rthermore, the DC MG short-circuit
protection can be made with molded case which dedluDC circuit breakers that are more
cost-efficient than the fuses and over-currentyre@n the AC side, the breaker protects
against power converter switching faults [19].

In a DC system, two types of faults exist. 1) Lineground fault and 2) Line-to-line
fault. In line-to-ground fault, the fault currenath is either in between positive line and
ground or in between negative line and ground. {tokne fault occurs in between
positive line and negative line. Also, DC circuitess not have natural ‘current zero’, which
implies that the switch must incorporate a mechmanis set the current to zero. Two
contradictory requirements to design a proper gilmgifor a DC system are 1) minimizing
the DC current, and 2) maximizing the personnedtydfy minimizing the common mode
voltage. Consequently, the stress on the contaetgraater in a DC switch than in an AC
one for the same voltage and current. Unless, sorestit is possible to use an overrated
AC circuit breaker in DC systems, other applicatiomquire the development of a specific
DC breakers. In addition, DC fault levels are veigh in DC systems due to the low DC
impedance [47].

Fig. 2.1 shows the main protection challengesedlad each general type of microgrid
indicating the issues particularly for DC MGs. tmemary, any protection system selected
should provide the plug and play, and self-heatiagability to maintain the smart grid

requirements [50-51].
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Figure.2.1 Protection challenges and their solufiwrAC and DC microgrids

Referring to Fig.2.1, the goal of grid complians@mproving the stability of the grid.
For instance, one requirement is the (LVRT) cajigbile., the ability of a power plant to
remain connected to a grid during voltage sagstarattively contribute stability to a
power system by providing reactive power until falgarance. Injection of reactive power
during the grid fault may endanger coordinatioheaf protective relays [52].
2.3 Available Solutions for Protection Scheme of Micrgrids

Referring to the Fig.2.1, there are some methodemjmrove the stability, and
protection performance of microgrids. Hereby, bref description for each solution
mentioned in Fig.2.1 is explained in below [53-54]:

Adaptive Protection: Due to different levels of fault during off-grid éron-grid
modes, existing overcurrent relays should provetpiired sensitivity, and selectivity.

Current Limiting: Current limiting is required to avoid equipmentndege, and

safety issues.
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Virtual Impedance: with contributing in power flow control, virtuatpedance can
compensate harmonics, shape a desired dynamicaalhdide through.

Fault Current Limiter: Based on the LVRT requirements, the DG should dy& k
connected to the grid, during the fault condition.

Fault detection: A promising islanding detection method is requi@cheet the smart
grid requirements.

Standardization: High reliable, cost-effective, and fast communmatstandards,
and utility codes are required for the implememotati

This work focuses on anti-islanding protection wpttoposing a new method which
functions only based on the frequency measurenfguiot of common coupling (PCC).
In the next section, the definition of islandingiokent is presented, and conventional
methods to detect islanding are briefly compareldoAthe proposed method which is
called locking frequency band detection (LFBD) hasn discussed in Chapter 3 provided
with verified simulation results for different s@ios. Experimental verification of this

method proving it in different conditions has bedso discussed in the Chapter 4.
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2.4 Anti-Islanding Protection

This integration of distributed generation ofteaqad close to the load being served
creates active power networks [55-61]. In thesevactetworks, accidental formation of
an island(s) must be avoided mainly because ofilglessafety issues for maintenance
personnel. With referring to Fig. 2.2, an islanctisated when the network is split into
separate parts such that one part contains distdbgenerators and loads and the other
part is the main utility. Under these circumstanégand’s load demand can be matched
with the island generation. Naturally, insignifitarihanges in voltages and currents may
be observed after the island is created and itesapsoblems to the operation of the grid
and other units within the power island [59]. Moren it can also be hazardous for the
maintenance personnel. Thus, according to mangatda such as UL 1741 or IEEE 1547,
accidental islanding in current practice of utility not allowed, and upon islanding

detection, all DGs are mandated to be disconngbteé1].

Disturbance Injection

Generate Low Pass Filter
Command
n

Frequency Eln] Filtered (Trend) |_ fin] Sampled

Frequency | Frequency
fC [n] fPCC
A A
DC

DG Unit

Inverter Based DG

Active Power Network

Figure 2.2. Single Phase Inverter Based DG Sysisaher test for islanding detection
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Islanding detection methods can be classifiedtiwmtomajor groups: remote and local
methods [57].

Remote techniques are based on the communicattareée utilities and DGs such
as power line communication, supervisory contral data acquisition that do not have
non-detection zone (NDZ), but are expensive tariemented [58-60]. NDZs are defined
as a loading condition for which an islanding datectmethod is unable to detect islanding.
[59]. As this parameter varies among differentridiag detection methods, it causes to
prioritize one approach to other methods. Load I(iad inside the potential island) can be
modeled as a parallel RLC circuit, as for mostidiag prevention methods it is some type
of RLC load that causes the most difficulty in d¢iten. Local detection techniques which
are just related to the DG can be classified wimrhajor divisions: passive and active [55-
61].

Passive methods are based on measuring local paranoé DG and comparing it
with the reference value. Some famous passive rdstlaye over/under frequency
protection (OFP/UFP), over/under voltage protedi@dVP/UVP), phase jump detection,
and voltage harmonic monitoring [60-65]. Howevék{tzese methods are almost simple,
they fail to detect islanding in some conditiors; éxample, when the inverter generated
power closely matches with the load in OVP/UVP &R0JFP methods, or when the load
power factor is unity in phase jump detection mdtifig9, 66-67]. Rate of change of
frequency, rate of change of power, change of iraped, voltage unbalance, and harmonic
distortion are included in other well-establishegsive methods that fail to detect in some
conditions. Therefore, these methods alone dueaton some NDZ, are generally

considered to be insufficient to detect islandigg they need to be added to some other
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methods to create hybrid techniques [68-71]

Active methods try to reduce the NDZ of passivehods by adding some turbulence
in the inverter [59-63]. The idea behind activeedéibn method is that this small
perturbation will result in a significant change sgstem parameters when the DG is
islanded, whereas the change will be negligiblemthe DG is connected to the grid. This
method is also unable to detect islanding in afidittons, such as active frequency drift
(AFD) method made by adding small increase/decreatiee frequency of the inverter
output current while monitoring the frequency oé tholtage fails when the load phase
angle matches with the phase offset of the pertioaAlso, in the multiple-inverter case,
there wouldn’'t any agreement between all manufacsuwsf inverters in the direction of the
frequency bias [64]. Sandia frequency shift (SR&thod (AFD with feedback) also
improves the performance of the AFD method by agigiositive feedback to drift the
frequency away from the nominal value, and it stdathan the AFD method, but phase
angle of a parallel RLC load depends on the opegdtequency, and this may result in
islanding not being detected; so, this method shbalcombined with the Sandia Voltage
Shift (SVS) method to be a very effective methoke Thain advantage of this method is
that its efficiency does not change with the loayliality factor [54].

The main advantage of SFS method is that its effy does not change with the load’s
quality factor [5]. Q (quality factor) of a circudletermines how well the RLC circuit stores

energy, and it is defined in (1)for a parallel Rload.

- — (1)

Where R is the load resistor, C is the load capgditis the load inductor, and is the

resonant frequency of the load respectively.
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In sliding mode frequency shift (SMS) method whislvery similar to AFD, phase
angle of inverter current is controlled. When thiigase is increased, it is interpreted by the
controller as a frequency increase, until the feaguy exceeds the over frequency limit.
This method acts slowly and fails to detect islagdiuring certain load conditions [59].

Ref. [72] shows active reactive power drift (ARPDgthod which is similar to AFD
and SMS in changing the phase difference betweetotid voltage and inverter output
current, but it has a smooth and contentious phasation, and it doesn’t depend on the
zero- crossing detector such that the harmoniatgual output current is not deteriorated.
More details about other methods including hybrietimod which is combination of both
passive and active methods can be found in theerefes [59, 73-81].

A new algorithm categorized in active methods dii-estanding protection, without
direct communication link, is proposed in this ms@. The concept behind this algorithm
is creating a frequency command which should béieppo the DG. By measuring the
variations of this frequency command, the islandiogdition can be detected. Table. 2.1,
and 2.2, show the main advantages of this proposgttiod compared to other common
islanding detection methods. As demonstrated, n& Nt being influenced by the
number of connected inverters, and being operatdierumultiple DG units are the main

advantages of the proposed method compared to atkiee methods [57].
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TABLE 2.1. Common Features of conventional antsigling protection method

Islanding Slip Mode | Active Frequency Drift| Sandia Frequency Frequency Jump
Methods Frequency (AFD) Shift (FJ)
Shift (SMS) (SFS)
Principle Applying Adding a short period| Similar to AFD Inserting dead zones into
positive of zero time into outpuf with adding the output current like
feedback to| current of the inverter| positive feedback| AFD, but not in every
the phase of (AFDPF) cycle
NDZ Small Small Small Zero NDZ only for Single
(For large Q (For large Q loads) | (For large Q loads DG
loads) Less compared to
other active
methods
Operation Complex: Ineffective:
Under Synchronization is required Each inverter can cance
Multiple each other out
DG
Power Slight Degrade and negative impact on the MPP
Quality Due to the disturbance injection and the necessibe combined with other active
methods to be effective

TABLE 2.2. Common Features of the proposed amdiniding protection method which is called LFBD

Islanding Locking Frequency Band Detection (LFBD)
Methods
Principle | Applying positive feedback NDZ None
to the phase of (Verified up to Q=5)
No need to be combined with othef
methods
Main Operation Under Possible:
Formula Multiple DG All units use a common command
frequency to detect islanding
Power Slight Degrade:
Quality Due to the disturbance injection without changimg ¢urrent/voltage amplitude
2.5Summary

This chapter presents an overview about protecaution for microgrids that can
overcome some of the problems related to protectionicrogrids. This is based on fault
detection, automatic adaptive protection, thath@nge of protection settings depending
on the microgrid configuration based on pre-cakadar on real-time calculated settings.
The implementation of an adaptive protection systam be deployed with a centralized

or decentralized approach, depending on the digioib of functionalities. Also, this
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chapter summarizes the main protection challergges has focused on the anti-islanding
(Al) protection as one of the main requirementsalttiias been addressed in this research.
It also discusses the drawback of conventionalrAtgrtion methods which are commonly
used todays, and shows the reason why we need ammethod to provide a better
performance in detection. Moreover, the main improents obtained by the proposed
method (LFBD) are listed, and it is compared wittien conventional methods. The details

of this proposed method is presented in the nexpten.



CHAPTER 3: LOCKING FREQUENCY BAND DETECTION (LFBDANTI-
ISLANDING PROTECTION METHOD

With referring to Fig. 1, assuming a grid frequemnath 60Hz rated frequency, and
existing power balance between sources and logglsisianding, sampled load frequency
at PCC (f[n]) which is also called instantaneoes|frency will be varying negligibly within
the range of 59.3< <60.5. Hence, with comparing the before and after applying a
low pass filter, the frequency error ( )is created due to the grid absence and lack of
reference frequency set by the grid for the lodd] #which is called trend frequency, or
filtered frequency is the frequency extracted afi@ssing the  from a low pass filter
implemented by using an infinite impulse responke) digital filter as shown in Fig.3.1,
and defined in (3.1). Eqg. (3.2) shows how to extrac by subtracting the instantaneous
and trend frequencies. The proposed method utilitirs concept as shown in Fig.3.1, with
relying on only local frequency measurement of P@@yides a flexible, cost effective,
easy to be implemented active method with no N, fast response to detect islanding
incident. In an interconnected synchronous gene@taroop-based microgrid, load is
inversely proportional to frequency. Therefore, whead increases, frequency will drop.
In other words, with referring to (3.2), the freqag error will become negative, and
consequently, the inserted frequency to the DG { defined as a command frequency will

drop. Therefore, the inverter frequency will begyaéd with the load frequency.
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This general relationship is used to determinadlaed even under closely balanced

DG systems and microgrids.
Zo$% - (3.1)
$ (3.2)
(3.3)
Where K>1 is an integer chosen based on desir¢ensyesponse time. The simplest analog IIR
filter is an RC filter made up of a single resis(®) feeding into a node shared with a single
capacitor (C). The advantage of IR filters oveRFilters is that IIR filters usually require fewer
coefficients to execute similar filtering operatowork faster, and require less memory space.
Then, deviation of frequency  can be defined as an error measured between shapte
filtered frequency [55-57]:

Based upon , the frequency commang, ' of the inverter is calculated with adding
amplified disturbance as shown in (3.3). Wheras the accelerating coefficient is a constant
integer, typically, greater than one and determihesrate at which the frequency command is
adjusted. Therefore, frequency varies if the l@adadt matched with the generating power in such
a way that it decreases if the load is larger tkti@n generating capacity and vice versa.
Consequently, through using an over/under frequenatection circuit (OFP/UFP) with setting a
threshold limit )*+, ., ./*( ) which is an acceptable range for gird frequerayations set
by UL standard, islanding can be detected wherfrdguency passes the limit [76]. Frequency
command variations' (g¢0defined in (3.4) as the mere parameter to detketdsng incident is the
difference of command frequencies in two adjacantes.

1 $ $% (3.4)
A relatively difficult condition to detect islandinis for a stiff frequency grid with a constant
frequency when the load exactly matches the gengreapacity. So, when the grid frequency is

stiff, and due to the power balance between soamdeload, both sampled and filtered frequency
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cannot deviate considerably from the rated valoetl® frequency command of the inverter also
remains constant, and therefore, the frequency @mdnvariation becomes almost locked as
shown in (3.5) -(3.6). In this conditioh, , variations fall into inner threshold b&tid,) which is
set very close to the zero.

$% , Fn] =F [n-1] (3.5)

Ffn , $% '1 / (3.6)

To present all possible scenarios, Resonant Taiily ¢Bndition is defined as a condition in
which grid frequency is stiff, and the grid maymoay not be connected. In other words, during the
RT condition, the frequency may be either equdt loas small fixed error with respect to the rated
frequency (60 Hz). For example, when the gridpsrating at 60.1 Hz while the rated frequency
is 60 Hz. Likewise, for a weak grid, the frequengy 5 g $% 'and the frequency command
of the inverter varies. After islanding happenghldifn] and F[n] are deviated gradually from the
rated frequency, and therefore  moves close to zero, as the difference betweemplsdnand
filtered frequency, due to the missing updatedudesgy information from the grid, gets saturated
in some minimal values. Consequentlyy is locked in some negligible values, and it fafitoia
band called outer threshold bantlg{ ). After passing few cycles in this mode with olvéeg the
locked frequency band, the DG will be shut off. mh# avoid any possible spurious event, one
layer of coding is added to the firmware as thé &ep to verify the islanding event through
measuring the PCC voltage such that if thgyis changed to zero, it means that the grid is
disconnected. In other words, if the frequencyatéon is within the inner ba@ds,), and the grid
is still connected, RT mode is occurred, and winexi tg is beyond this band but is still limited
within the outer bandl(g; ), and the grid is disconnected, islanding is detkc As the detection
is based on the frequency band in which is locked, this method is named locking frequency

band Detection (LFBD) method.
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3.1. Simulation Results and Discussion

There are few parameters need to be addresseduoeeslanding detection within
the standard requirements. As this method opebatssd on only frequency measurement
of the PCC, the Infinite Impulse Response (lIRdefilis used to reach two main goals
simultaneously: first is digitizing the sampled doency, and second is lagging the
measured frequency detect trend of the system, gnahen frequency reference gets lost
due to the islanding event. 1<K<10 is selecte®intd represent a single pole low-pass
recursive filter smoothing the edge of a sampleduency variation just as a RC filter when
islanding happens. It should be noted that K>H¥@ded as it does not considerably affect
the obtained frequency error.

The next parameter is the accelerating coefficienhich is defined based on the
obtained . is the gain multiplied by the frequency error tengrate the injected
disturbance, and its value is selected by the desidt is better to set some initial values
for relative to the , and do not change it for different load condisiowith 13s as the
sampling time, the is obtained lower than3Hz, and conclusively is chosen 1000 to
create a disturbance in the range of at least 1 (nHzLmHz) to ensure the stability criteria.
For values around the selecteddetection time of islanding is almost constand aot

sensitive to the chosen and accuracy is not affected.
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(PV), and load, the grid current in Fig.3.2 (b) d@nignored. Fig.3.3 (a) shows the DC



voltage with maintaining MPPT, and current of a aoencial PV panel withggg; = 31.3V,

9887 = 9.2A, ¢ +)*; , and Fig.3.3. (b) shows the grid voltage and cumper unit when

there is no islanding.
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This creates the most difficult conditions to deistanding, as the grid frequency is
equal to the resonance frequency of the load (§0di®) due to the power balance, grid
current is negligible, and grid frequency is lockeside the acceptable frequency range
(O*+BC, . ,.*BCO asshowninFig.3.2.b.

Depending on the chosen PLL response time, samphmg (1us), and controller
response time, islanding detection period in tlesg@nted simulation is assumed ten cycles,
the inner threshold band4) is assumed to be&Hz noting the obtained results for the,
in Fig.3.4. (a), and outer threshold baad() is chosen 1 mHz to ensure precise islanding
detection, and discriminate the RT, and islandwvenés (Fig.3.4. (b)). Whenever islanding
happens;  is locked between they,, andl ¢; , and after passing certain number of cycles
in that region, islanding detection period is olmwh, the inverter is turned off, and
correspondingly islanding command is sent out ifvotiage is detected at the PCC. As
expected, OFP/UFP fails to detect the islandinthasfrequency is still within the valid
range. Therefore, we need another method such B® lWith no NDZ to detect the
islanding occurrence. Simulation results for thistimod in different scenarios based on the
quality factor, and grid frequency conditions aiscdssed below:

1) Stiff frequency grid with rated frequency and tpvality factor( . ./BC , =0.1)

Fig. 3.5 and Fig.3.6 show the simulation result®emvh =0.1, and an ideal grid with{

I=> )is used. Islanding happens at 0.8 second ahaitld be detected at least in 2 seconds
after occurrence. As expected, as long as thegysiill connected, operating with a constant
frequency, RT mode should be detected. This camdifi detected wheh g falls into the

13, after passing minimum acceptable required cyc@sgycles).
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When islanding happens at Time=0.8sec, the frequeammand variations; g,
becomes locked within the outer threshold bang, ) and when the number of cycles in
which these variations are locked exceeds ten sythe inverter is turned off. After
shutting off the inverter, no voltage is detectédiree PCC verifying that the grid is
disconnected such that islanding is detected ae¥in?8 sec.

2) Stiff frequency grid with rated frequency and higfality factor2 . ./BC' =2):

Fig. 3.7 shows the grid voltage with constant réttequency, and high quality factor €2).
The RLC values are selected based on the TableA3.kxpected, a higher network Q
factor leads to a stronger resonance circuit andemuently, islanding detection would be
more difficult. Therefore, it needs more time tdede islanding event. As indicated in
Fig.3.7, islanding is detected at Time= 1.316 sec.

3) Weak frequency grid with variable frequency and ¢mality factor ( =0.5): it has
been assumed that the gird frequency is variabkhenshape of a sinusoid with 0.1Hz
amplitude and 60 Hz average value. This is venylainto a practical grid frequency
measured in the lab. Islanding happens at Time s€c7and it is detected at 1.15 second,
as shown in Fig. 3.8 and Fig.3.9. As expected,tdube variable frequency, detection is
slightly faster compared to the fixed frequencyshould be noted that the range of a valid
grid frequency is within the acceptable range whfp*+BC, ., ./*BC ). If the grid
frequency is out of this acceptable region, theppsed algorithm has also the ability to

provide the OFP/UFP protection and trip off theearter.
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Table 3.1. RLC Values in the simulation with vasayuality factors (=1000, K=2)

Implemented Quality | L (H) C() Detection
Scenarios Factor Time (s)
Stiff Frequency Grid 5 5903H 11 mF 0.5833
Stiff Frequency Grid 2 1.49 mH 4.7 mF 0.5166
Stiff Frequency Grid 0.5 5.9 mH 1.2 mF 0.50
Stiff Frequency Grid 0.1 30 mH| 2403F 0.4833
Weak Frequency Grid 0.5 5.9 mHkl 1.2mF 0.45

Table 3.1 summarizes the key features of all impleted scenarios including quality
factor, LC values, and detection time for islandimgugh using LFBD method. It explicitly
shows that as expected, with increasing the quédityor, the load persistence to the
frequency deviation is magnified, and consequehtyrequired time to detect islanding is
increased. There is no linear relation betweendttection time, and the quality factor,
however with increasing the quality factor, strangesonant tank circuit will be created on
the load side which exacerbate the detection time.

3.2. Comparison of LFBD with Sandia Frequency ShiffSFS) Method

Adding positive feedback of disturbance to creammand frequency is the only
resemblance of this method to SFS method, but ¢hection criteria, and the parameter
which should be monitored to detect islanding anametely different. SFS utilizes the
positive feedback in frequency, and when the wtikt disconnected and consequently,
sampled frequency of the point of common coupliRG@C) varies, with referring to the
(3.7), the frequency err@ $ 34 Owhich is the difference between sampled and nominal
frequencies (' 34 0is increased, and the chopping fractiof (is raised in result. In
contrast, in the LFBD algorithm, when a frequen®ak grid is connected, the command

frequency varies in each sampling point, and thgQhas non-zero value. When the grid

is disconnected, there is no updated informatiauathe frequency and so, the frequency



command of the DG remains constant. In SFS, thepaihg frequency (0 exceeds the
threshold band to detect islanding, but in LFBD moelt ( ¢O in a different concept,
should fall within the inner and outer thresholatbaand gets locked to detect the islanding
event.

J2  $ 340 (3.7)

With referring to [54], it can be realized thatS&S, the inverter’s output current is
set back to zero at each zero crossing of the Pal{@ge to stay synchronized with the
grid. So, it will be zero earlier than the voltagaveform when the inverter frequency is
higher than that of the grid. Therefore, the curneill stay at zero until the next zero
crossing of the voltage. This behavior will creatghort dead time in the inverter’'s output
current waveform. This event will produce curremintation which is depredating the
output power. For example, when PV is used a DGutest, it will negatively impact the
MPPT operation. Also, the efficiency of SFS mettumtreases significantly when the
guality factor of load is high. In contrast, theremt and voltage is not affected in LFBD
method and no harmful impact on the power qualitybe observed.

In [59, 76], it has been shown that with reducimg K, which is the accelerating coefficient
in SFS method, the power quality degradation artesinable transient behavior in the system is
reduced, but the size of NDZ is increased, espgdial the loads with higher quality factor. As
the SVS method is not influenced by quality factbthe load, that's why the combination of these
two methods is very efficient to detect islandimgl & presents a very small non-detection zone.

Moreover, from power degradation point of view, thequency error of the SFS
methodK gge$ . 3 Mis significantly higher than the frequency error, in the LFBD method
when islanding happens. The reason iss calculated based on the difference betweefiltbieed

and sampled frequency at the same point whicheitypsmall value, while frequency error in the



SFS method is the deviation between the grid, ead frequency which is moderately increased
after islanding occurrence. Therefore, it can be gwt power degradation in LFBD method has
also been improved compared to the SFS methodadtreetlowered injected disturbance. It has
been noted that scenarios have been simulatedsipdper are the severe condition in which SFS
method is unable to detect due to having NDZ ardixower match between the generated power,

and the demanded power. Therefore, it needs toteioed with other methods to be an effective

method [81-83].
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In general, Fig. 3.11 demonstrates why the cormegtriterion to detect islanding in LFBD
method is not similar to the criterion in otheriaéetmethods.
3.3. Multiple Inverters Operation

For multiple-inverters system, the string consistdive prototype units is simulated in
MATLAB/Simulink as shown in Fig.3.12. Each protog/unit emulates the behavior of a PV
inverter, and a LC filter is assumed with Q (Quakactor) <2.5 to create a sinusoidal waveform
for each unit. Fig.3.13 including two PV invertdrirsgs in parallel connection is selected to
generate more power, and show the multi-invertegragon. Three different scenarios are
simulated to show different system characteristicall cases, it is assumed that islanding happens
at Time = 2 sec. According to IEEE 1547 standdrd,dlgorithm must detect the islanding less

than 2 seconds after occurrence.
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In simulation, it is assumed that each PV invegemerates 300 W and the strings injects
total amount of 3KW (5x300x2=3KW) to the grid. F&14 shows both string specification when
the load required power (4KW) is bigger than theegation power (3KW). As it can be seen,
islanding is detected at Time = 2.35 sec. The ewenhich load demand power (2KW) is less than
the production power (3KW) is shown in Fig. 3.158landing is detected much faster at Time =

2.06 sec.

4%

—

Figure 3.13. Circuit Diagram of whole system aarisling happens when S1 switch is opened
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Figure 3.14: load power higher than PV network
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Figure 3.16: Load power exactly matches to the gaed power

As expected, the current and voltage amplitudeg after islanding happened depending on

the load conditions such that the string curremceseased/decreased respectively when the load



power is higher/lower than the generated power amtain the power balance between the load
and production.

The most difficult case to detect islanding is wiiea load power exactly matches
the generated power as shown in the Fig.3.16.i$nctise, Islanding is detected less than
0.1 after occurrence.

In the large systems with multiple DG systems,tRBD method can be as effective
as a system with single DG. The reason behind igh#tis method doesn’'t need any
information of voltage, and current for the DG. Towely required information is the
frequency at the PCC which is common among allriieve regardless of number of them.
Then, disturbance needs to be injected to eaclteniadividually, and the islanding event
is detected for each inverter independently. Sdhé same amount of disturbance is
injected to each inverter, the detection happenslsaneously for them, and if different
is selected for each inverter, they will detectih@nding event in different times, and will
be shut off with some delay respect to each offfegrefore, this method can be applied to
any type of microgrid regardless of size, and cépac
3.4. Summary

However, there are so many typical methods to tét&nding event, all of them
lack to perform properly in sever conditions in ahithere is an exact power balance
between the generated power by the source, ardkethanded power by the load, or they
might be very costly, or complex to be implementiedthis case, frequency deviation
cannot pass the acceptable range for the rated.vah) the method is unable to deliver a
reasonable form of protection against islandinge Duthese inadequacies in the power
mismatch plane, a non-detection zone (NDZ) is ediaand that's why active methods

need to be combined especially with the SandiaageltShift (SVS) which is impacting



the magnitude of voltage to detect islanding coodjteven in the balanced power
conditions. This chapter proposes a new inexpensigthod which with only measuring
the frequency at PCC, and without any conflict vather detection methods, can detect
islanding event in the most difficult conditions evhthere is no power mismatch between
the power generated by the inverter, and the pdeeranded by load. In the next chapter,
the details of the proposed power matching poatking method including the simulation

verifications will be presented.



CHAPTER 4: POWER MATCHING POINT TRACKING (PMPT) MEIOD

As already explained in the Chapter 1, a conveati®C microgrid can be pictured
as shown in Fig. 4.1. If we have at least one otlatsle DC loads connected to the DC
common bus, the proposed method named power mgtpbint tracking (PMPT) can be
employed to regulate the common DC bus withoutrdmuing the solar DC/DC converter.
In the proposed control method, any controllable D&d integrated with a DC-DC
converter can be directly connected to the PV arkgnce, the PV capacity could be
notably smaller than a conventional AC system tmlpce the same amount of energy from
PV to the DC loads. This means considerable redluati installation costs for the same
energy benefit. As the controllable load demandglbe power, the DC-DC converter is
tuned to supply required current for the load, emdespondingly regulate the bus voltage.

In other words, the proposed solution will compéasiae power mismatch whenever
it is occurred due to a power outage in the isldndede, when the grid is not available to
provide the required voltage.

The system without contributing a solar DC/DC catetecan be simplified in Fig.
4.2. The equivalent circuit of this local powerwetk can be represented in Fig. 4.3 in
which all power sources are replaced by currentces) and all DC loads are presented by

current sinks.
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Figure. 4.1. General Scheme for a conventional D&agrid

To prove the proposed solution, a system consfsasgrid-tied PV inverter which

has been integrated with a DC/DC converter is tammequirement. Fig 4.3 illustrates the

implemented setup including the proposed contrahioe for the grid tied PV inverter

integrated with a controllable DC load which isrpdiwith the common dc bus through a
DC-DC converter. For the load connected buck cdrvetwo current control methods

including average current control for the load, &\ current control for the maximum

power point tracking (MPPT) control are employed arilized alternatively. For grid

connected inverter, the outer loop controller naimg the maximum power point (MPP)

voltage for the DC link voltage, and the inner laamtroller regulate the AC current to

preserve the unity power factor
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This bidirectional inverter is integrated to presethe MPP in the grid connected mode,
and compensate the probable power mismatch betilved?V source and DC controllable
load. More details about robustness analysisy filesign of the given inverter for high
current applications, and distributed control fascaded topology have been discussed in
[84-87].

In grid connected mode, it has been assumed thensyaperates at MPP through a bi-
directional inverter as shown with a constant polwer which is shown with green color
at Fig.4.5. With assuming that the load demandegeps greater than maximum available

PV power, the load nominal power is considerednathwith a virtual PV curve.

Power matching
point at MPPT in grid
tied condition

Load Shedding Slope Nominal Pload

\ (Pload>P pv)

Load curve in grid tied mode

Virtual PV
curve

P pvActual PV curve

Power matching
point after applying
load shedding

Figure.4.5. Operation modes of the source (PV)cmdrollable DC load integration before and after

possible power imbalance
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In islanded mode, as the controllable load demamuamble power, the DC-DC
converter is tuned to supply required current li@rlbad, and correspondingly regulate the

bus voltage. In other words, load power is adjustedneet the new equilibrium point
(Vequi 1ow) to meet the power balance on the actual PV casvehown in Fig.4.5.

In Fig.4.5 power curves for both PV, and DC conafge load respect to the bus
voltage in overloading mode when load power is tgrethan source power before the
moment that islanding happens are shown. As showiigi4.5 , when Islanding happens,
or due to the irradiance drop for an islanded sysfgower mismatch is created, the bus
voltage drops, and the load current controller seledraise the duty cycle of the buck
converter to regulate the constant load power. Lafclowered power means that load
operates with a constant power, representing thg dycle of the associated buck
converter as a hyperbola function respects to tisevbltage. So, with decreasing the bus
voltage, the load current must increase to mairtteenconstant power, but increasing the
duty cycle undesirable tends to lower load curesntve move on the left direction of the
PV curve, and correspondingly the available powan be generated by the PV is
significantly reduced. This incident expedites thity cycle increment, and increases the
power imbalance which eventually results in thetesysinstability, and controller shuts
down. So, to avoid system failure, lowered load @qQvand applying load shedding is
required for the integrated PV-controllable loadteyn to meet the new matched power
point which is an intersection of load and PV cgtvas demonstrated in Fig 4.5. This
enforced load shedding solution is called powerchiag point tracking (PMPT) method.

In contrast, there is another mode called overgeioer in which load power is less

than the source power as long as the grid is céedetn other words, the extra power
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generated by the PV is delivered to the grid inrggeeration mode. This will cause the
bus voltage to increase, and consequently the BICclpacitor is charged. In this mode,
the load power will intersect the PV curve, so slgstem will operate automatically in a
stable region and will meet the power balance artwusly. This feature helps us raise
the load power without reaching the maximum allodius voltage to meet the power
balance at a voltage below the maximum allowabtevmltage to increase the over voltage
protection (OVP) margin of the system. So, the ouimwltage sensing for the DC-DC
converter may be necessary for overvoltage prate¢t avoid overheating the converter.
Also, it should have the capability to operate weroad conditions (10-20% above the
full current) for certain amount of time. This whi€lp us to increase the load power without
reaching the maximum allowable input voltage.

During the system startup, it can be assumed tletsystem operates at the grid
connected mode, and the MPP is sustained by tdedutional inverter. In other words,
load power is fixed, and if overgeneration happéms,extra source power from the PV
supplies the grid, and inversely if overloading pes, the remaining power is provided
by the grid. It should be noted that in the ovesgation mode, there might be another
intersection between the constant load power, kadPlV power curve which might be
mistakenly considered as a matched power pointbécdiuse the system tends to diverge
at this point to meet the power balance, this tsargiable point to meet the power balance,
and the system will skip it.

In this research, only overload condition is dismgsas shown in Fig.4 considering
that system is automatically stable in the overgaie mode when the bus voltage is

increased due to the power mismatch, and will sgtetr the PV curve at the equilibrium
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point. Contrary, if islanding happens at overlogdmode, bus voltage drops to meet the
new intersection on the PV curve which is caled o The reason is that the load power
needs to be lowered to meet the diminished soweep(p,,) in lower bus voltages due
to the DC link capacitor discharging caused by poger mismatch €, <p,, ). The
moment that load shedding is started, is relatdieécsize of the capacitor such that with
choosing a bigger DC link capacitor, the time im&kto hold the load power at the nominal
point is increased, and correspondingly the sldjxis voltage reduction after creating the
power mismatch is reduced. Also, with considerimgal coupling of PV and common dc
bus, if the irradiance drop is raised, the powdpdatance which is directly related to the
current difference between the nominal load andadV curve is amplified, and the bus

voltage drop will be faster as shown in Fig.4.5.

Voltage drop due to the DC Power matching
A link capacitor discharge pointin grid tied
A VdC condition
e .
P Nominal
load

Ideal load shedding in
PMPT method
(Impractical - \

-~
-~
-~

\ (Pload >va)

Load curve in grid tied mode

pV
Actual PV curve

Figure.4.6. Ideal load shedding of PMPT in overlogdvhen there is no DC bus voltage drop



52

Voltage drop due to the DC Power matching

POWGI‘ link capacitor discharge pointin grid tied
condition

Non-adaptive
PMPT when
you know the
predefined
reference load
current

Pload Nominal

\ (Pload >va)

\ | Load curve in grid tied mode

pv
Actual PV curve

Figure.4.7. Anticipated path for Non-adaptive PMiien you know the predefined reference load current

In desired case as shown in Fig.4.6, we wouldttikieave a direct load shedding path
without affecting the bus voltage. This will resuit the lowest fluctuation to the bus
voltage, but in practical case, as explained befposver mismatch forces the DC link
capacitor to get discharged, and consequentlyub@bltage must decrease in overloading,
and increase in the over generation modes. Soyiagplbad shedding without DC bus
voltage drop is impossible.

The proposed PMPT method can be classified intotyqwes of adaptive, and non-
adaptive methods. In non-adaptive method as show#ngi 4.7, it has been assumed that
we know the load current required to meet the pdyadaince. The anticipated path for the
load curve is shown in Fig 4.7. We will see lateattthis is not also a practical scenario for
islanded mode in which PV is directly integratedhe controllable load through a buck

converter. The reason is we don’t know how muchgrawismatch has been created, and
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in the load current controller shown in Fig. 4#isiimpossible to intersect the PV curve
on the voltages lower that MPP voltage by appldmgedefined single-step reference load
current.

In other words, the predefined reference load ciiisbould be necessarily lower than
the measured load current to maintain the loaceatimegulation. This causes decrement
on the duty cycle of the buck converter, such thaill increase DC bus voltage, and the
system will jump to voltages higher than the MPRage. As expected, in this region,
there is a positive relation between the directibload current, and duty cycle increment,

and the coupled source-load system has more tepdenperate in a stable condition.

Voltage drop due to the DC Power matching
A link capacitor discharge point in grid tied
A Vdc condition
i :/ P Nominal
Adaptive —— Ioad i

PMPT

\ ( Pias > P pv)
\ Load curve in grid tied mode

P,

Actual PV curve

Fig.4.8. Adaptive PMPT which is a practical solatio meet the power balance
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Fig. 4.9. Proposed algorithm (PMPT) in adaptive emtmregulate the DC bus voltage
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Fig. 4.8 shows the adaptive PMPT which is the @néctical solution for meeting the
new power matching point. In this method, as exgdiin the Fig. 4.9 the bus voltage is
measured, and if two conditions are met, we caritsgypower mismatch is happened, and
the load shedding needs to be applied.

These two conditions which should be met both siaméously ard g ,/ , and

& oss7 -1 &,/ shows that we are moving on the left directionhaf PV curve,
such that the duty cycle of the buck converter kdapreasing, andg , g¢gg7 Mmeans
that the PV source power has become lowered tleaM®P voltage, and therefore, load
shedding is required to meet the power balancealtlee lowered source power.

As explained in the Fig. 4.9, whdn g ,$1 g o it can be interpreted that bus
voltage drop is significant, and it has been cadseto the capacitor dischargiig. g no
is called the threshold level of the bus voltageaten indicating the acceptable range of
the bus voltage variations. When the bus voltagetian passes the lower threshold limit
($1 eno O, load shedding needs to be applied to lower #mmathded power, and this
will continue in new sampling cycles as longlasg is out of the predefined threshold
band 1 gno 1 &.1 awno )

At the same time, and based on the implementedattantshown in Fig. 4.4, when
power mismatch is created, duty cycle will be iased consistently, and the system will
be unstable if we don’t limit the duty cycle. Aspéained in the Fig.4.9, limitation is
required for the duty cycle to avoid system failufe do so, duty cycle variationg D)
has been limited to force the system operate irctimé¢rollable region. Also, the controller
error which is the difference between the refereand measured load currents need to be

measured to identify the direction of duty cyclei@aons. In other words, if the error is
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negative (Err < 0), it means that the duty cycledseto be decreased, and vice versa: If the
error is positive (Err > 0) the duty cycle has ®ibcreased, and it needs to be limited on
the upward direction. In the flowchart describedrig.4.9, a threshold band based on the
reference current has been considered for the #uauations, such that error within this
range is assumed to be negligible representingltiat current has been pretty much
regulated.

4.1 Simulation Results and Discussion

In this section, the adaptive PMPT algorithm whias previously explained in detail
has been simulated in MATLAB/Simulink. For bettenderstanding of the proposed
method, both incidents which may create power mismencluding power mismatch due

to the irradiance drop, and power mismatch dulkdgbwer outage are tested, and verified.

TABLE 4.1. Parameters selected for both simulataor experimental verifications.

PV Parameters Value| Load and Inverter Value
Parameters
Voltage at Maximum PoweanF) 32.9v Load Trip off Voltage 8Vv
Current at Maximum Powerl ypp) 47 A Load Resistance 238
Open Circuit Voltagey,, ) 0.5 Switching Frequenc§ pc) 40Khz
Short Circuit Current (. ) 5A DC Link Capacitorz ) 10 mF
Maximum Power (MPP) 151 W Grid VoltageZ ) 25V

A

:_ : g % (Rdx3)12 /
: / y / ) 4 : Rdx3 Rdx3 (Rdx3)2 i

: /" ‘/{ Y :E> % 4% l:> Vedx3 Vdx3 E> T Vdx3 E>

| Yy ¥y : _% %— LyJ > /

|// // L T T . )

| S e F=- [

Fig. 4.10. Simplified model of a controllable lom#luding a DC voltage source, and a resistor
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For all simulation, and experimental verificatiotisg parameters for the PV panel, load,

and inverter are selected form Table 4.1.

I I I

Vde wio Employing PMPT Method
Vde with Employing PMPT Method

DC Bus Voltage (Volt)

05 06 07 08 09 1 it 12 13

Fig. 4.11. DC bus voltage without, and with empiaythe adaptive PMPT method
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Fig. 4.12. Load current results including the refere, and measured load currents after employing
adaptive PMPT
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Initially, the islanded system in which PV sourséirectly coupled to the controllable
load is shown. For the controllable load, a LEDnigg, or an energy storage system (ESS)
is assumed. To simplify the equivalent model o$ tontrollable load, it can be modeled
as a DC voltage source connected in series witbnatant resistor. For the simulation
provided here, it has been assumed that the tHoesbtiage for the load is 7.5V, and
equivalent resistor is 2 ohms.

Fig.4.11 shows how much the bus voltage variesouithand with employing the
adaptive PMPT method. As shown in this figure, withusing the proposed load shedding
method, the bus voltage drops significantly sudit thwill fall down to the threshold
voltage (7.5Vvdc). Therefore, the system loses dstrollability, and basically it shuts
down. After applying the proposed PMPT method,dbiy cycle of the buck converter is
limited, and correspondingly the system failur@aweided. In parallel, the reference load
current is decreased in multi-steps as long abukevoltage drops.

For the timing of the proposed PMPT method, asai$ wxpected, at the startup of
load shedding, because the power difference betwead and source is higher,
discharging current of the DC link capacitor wiét bigger. So, the slope of bus voltage
drops, and the speed of duty cycle increment valfdster, and consequently the system
will hit the limit of duty cycle faster. Oppositelywhatever we are approaching the
intersection of the PV, the power difference issidarably reduced, and it takes longer to
pass the predefined limit for the duty cycle. Theas been clearly shown in Fig. 4. 12, and

it has been demonstrated in more details in Fi.4.
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Fig. 4.15. Load current results including the refere, and measured load currents after employing no
adaptive PMPT

As explained before, when the predefined referémex current is applied to the buck
converter, while the duty cycles has also beentdithio avoid system shut down, the bus
voltage cannot be regulated at the voltages loham MPP voltage. As demonstrated in
Fig. 4.14, and previously described the referemceeat needs to be smaller than the actual
current to cause current controller functions wellis results in the negative error for the
current control (Err < 0), and consequently theydytle is expected to be decreased. That
will force the system to jump to the voltages lowean the MPP voltage.

As shown in Fig. 4.14, when irradiance drops, the Woltage tends to be decreased,
but after facing the new reference value for thedlourrent, it is forced to jump to the
voltages greater than MPP voltage to maintain theep balance, and as can be seen, it

becomes constant around 36Vdc after reaching daglgtstate point.
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For the current control, after passing the trandieme which is less than 50ms, the
load current is pretty much regulated, and theesygsiperates with a constant duty cycle,
and constant voltage which is greater than the M#tage. As previously explained, this
type of controller for power compensation is naagtical in the real case, as we never
know that how much should be the chosen valuenereference load current to ensure
stable operation of the PV-controllable load in&egd system.

The system depicted in Table. 4.1, and Fig. 4.dinwlated in both grid tied and
islanded mode to prove the functionality of thepgmsed PMPT control method in the
outage mode. It has been assumed that at thegstagtstem is running in the grid-tied

mode with theRoagin=160w which is the demanded power by the buck cadakexnd bus

voltage ,, =V) is regulated at,,,,=32.9V after almost 0.2 sec as shown in Fig.5.

mpp
When irradiance happens at Time = 1.2 sec, beacaitiseut contributing the grid power,
load power is greater than the maximum availablepBWer, the DC link capacitor needs
to be discharged, and bus voltage should be destemsshown in Fig. 4.16.

For this reason, the PV voltage is decreased amdltsineously the PV current is also
increased, moving slightly to the short circuitreunt.

It should be noted that for the outage mode, evenraadaptive PMPT will work
properly and the system will fall down to a stapbent below the MPP voltage. The reason
behind that when power outage happens, bus valadgrreased, and because there is no
direct coupling between the PV source, and therobiable load, it can fall on the PV
curve after applying load shedding.

As the Pmpp =150w<Road-in =160w for the selected PV panel, the power difference

(10w) is injected from the grid, as can be obselivelig. 4.17, and due to the lower PV



power before retaining the MPP, the generatedmpiger is slightly higher at the startup

as depicted in Fig.4.17.
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Fig. 4.16. DC bus voltage with employing the lohddding in islanding mode
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When MPP is maintained, the bus voltage is regdilateund 32.9 which is the MPPT
voltage, and when islanding happens at 1.2sedyuberoltage drops because of DC link

capacitor(Cy.) discharging to compensate the power mismatch &lotd. With employing

the proposed control method operating at load shgddgion, ther_,, ,,is lowered to 145w

to match the PV power at the new regulated =Vdc =30v .To lower the load poweﬂ,zc

is reduced corresponding to the lowered bus voltageroid significant drop o¥,., and

meet the new demanded power. Fig.4.18 also shavB¥hcurve and equilibrium points

before and after islanding with employing the Isaeédding.

As expected, and shown in Fig. 4.17, the genergtiedpower becomes zero after
islanding occurrence. Fig. 4.19 also shows thatmié power reaches the MPP voltage,
grid current, and grid voltage have 180-degree @lsasgt representing that the generated
power by the grid is negative to compensate theagdwer (10W) demanded by the load

to meet the power balance.

As was expected because the amount of power geddrgitthe grid compared to the
load power is small, the impact of power outagetlosm bus voltage drop is not very
significant, and the bus voltage has been reguktaand 30Vdc. This means that the load
has minimal change after applying load sheddind,ascan be observed in Fig. 4.18, the

PV power is dropped from 150W to 145W.
4.2. Summary:

This chapter introduces a new method which cantibeed as a retrofit solution for
existing DC microgrid topologies to maintain the RIRand regulate the bus voltage on the

DC link without using a solar DC/Dc converter. 3tmethod which is called PMPT has
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been fully described in this chapter. The only regaent to implement this method is
having a controllable load such as ESS, or lightiygiem which has been directly integrated
to the PV through a DC/DC converter. The proposethod in both adaptive, and non-
adaptive modes has also been tested and verifigusichapter. Provided results indicate
that only adaptive PMPT can be applied to regula#eDC bus voltage, and without using
it, the system will be shut down. Experimental fieation of this method, and the LFBD

method which was explained in chapter 3 are digtlissthe next chapter.



CHAPTER 5: EXPERIMENTAL VERIFICATION

In this chapter, only experimental results for bgitoposed algorithms: LFBD
islanding detection algorithm, and PMPT advancedrobto regulate the DC bus voltage
through a controllable load are presented.

5.1. LFBD Verification:

The proposed LFBD method has been implemented amowel PV inverter
architecture called AC stacked PV inverter as shawfkig. 5.1. The AC stacked PV
inverter, or Inverter Molecule™ (IMcule) is a dibuited inverter topology suitable for
PV/Battery applications. In its core, the IM utdzlow-voltage semiconductor devices like
MOSFET with much better Figure of Merit (FOM) angliner yields compared to their
high voltage counterparts. The first prototype bé tIMcule architecture has been
implemented to verify the proposed LBFE algorithm[83] the control scheme developed
for the IMcule is described in detail. Here, welwather focus on the supervisory control

layer developed to verify the proposed LBFE method.

The proposed islanding detection method (LFBDniglemented in a lab scaled setup
to prove the concept in both single prototype amidl a string consists of five units in a
series architecture as shown in Fig.5.1. Each pre¢ounit emulates the behavior of a PV
inverter, and there is an LC filter individuallyrfeach unit to create a sinusoidal waveform

on the AC side. The stack of AC voltages addedugpther is in parallel to a RLC load.
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Figure. 5.2. Implemented setup in lab consistsvef fnodules cascaded in a string, a grid emulaiud,
RLC load.
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Choosing a higher Q compared to what mandated &yEEE standard brings a
tougher situation for the detection algorithmslaiso assumed that this PV inverter string

is connected to the grid with %%/ WAX

Single phase AC stacked PV inverter including tbeditioning circuit is shown in
Fig.5.1. Fig. 5.2 illustrates the grid emulator @ahd RLC load, and five modules of the
AC stacked PV inverter cascaded in one string.5B3gdepicts the string of five modules

in series. For the first scenario, a weak gricesed, and the quality factor of the load is

assumed to be less than 2<2).

Figure. 5.3. Implemented setup in lab consistsvef fnodules cascaded in a string

1) Weak frequency (practical) grid with high qualictor2 =2.236)

As it can be extracted form Fig.5.4, the amplitetiange of the load current (pink
waveform) in both cases (before and after islandmgbout 100mA peak to peak verifying
that generated power is almost matches the loag¢p@md the grid current is negligible.
The digitally modeled blue waveform representing'thg is changed between (0 and 1)
as long as the grid is connected. When islandirdgiscted, it is turned to be constantly
one after hitting the allowance number of cyclesimich the command frequency variation
(" gOis locked within the outer threshold ba2i; 0 and the islanding is detected in almost

one second.
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2) Stiff grid frequency and low quality factdr =2.236).

In the next scenario as shown in Fig. 5.5, the igritiff with . =60Hz, and the RLC

is the same as the previous case with2.236. As expected, the amplitude change of the
load current (pink waveform) in both cases is ad@@mA verifying that there is no power
imbalance, and consequently the grid current camelgéected.

When islanding occurs, the command frequency vansat(blue waveform) get locked
and is kept high after passing minimum requiredesygvhich has been five cycles in this

experiment. With increasing the quality factor loé foad ( O, the load opposition to the

frequency change is strengthened. Referring to - — , higher quality

factor needs higher capacitor, and lower inducolow resistance, high Q circuit has a

narrow bandwidth, as compared to a high resistdaeeQ) circuit. +, gets locked

after islanding

10004 1000s/ Stop l
Agilent

5 Chamels
1001 [ 1001
o ) 1001

‘ 60.0Hz

@) ' )

Islanding event is Islanding event is Islanding event is Islanding event is
occurred detected occurred desected

Figure 5.4. Zoomed in view of LFBD verification ted in the lab with a practical frequency grid (a)
before and (b) after islanding incident. Load vgdtages (Yellow), load current (Pink), digitally modeled
" & (Blue)



Table 5.1. Experimental Setup Parameters

Inductor 5mH
Load Capacitor 1 mF
Parameter Resistor 5 ohm
Quality Factor ( ) 2.23
DC Link Capacito ) 10mf
Inverter Switching Frequencg pc) 40 KHz
Parameters Grid InductorzY. ) 50mH
AC Filtering Inductor (L) 100uH
AC Filtering Capacitof ) 20uF

Islanding event is

Islanding
event is
occurred

detected

Agilent

Agilent

7.l

Channels

(b)
Figure 5.5. Zoomed in view (a) before and (b) aftemding detection for the presented lab scaled

experimental setup when=2.236, load current (Pink), and load voltagg, (Yellow), and digitally
modeled' . (Blue)

" g Qets
locked
after
islanding
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The LFBD method has also been applied to the sgatera with higher quality factor
( >2) verifying the system operation when loads haigh persistence to the frequency
deviation. Based on the values selected from Talllghe Q is obtaine2i236, and Fig.5.5
shows the islanding detection for this system shahthe acceptable range for command
frequency variation; g that oscillation within this range is supposedé#olocked is 0.1
Hz and the accelerating coefficie@, amplifying the frequency error,g: to generate
command frequencyg: is assumed to be 4.

As shown in Fig.5.6, islanding is detected lesstihsec after grid gets disconnected.
This result prove that the LFBD method works weke for loads with high Q when the
conditions are much more stringent than what isiired to be tested by IEEE 1547.1

standard.

1100w 2 1.008/ 2087 10.00%/

Fig. 5.6. Islanding detection when>2 for single unit

The result for the string implementation consistoidgive AC stacked PV inverters
cascaded is presented in the Fig. 5.7. In this, geseh unit generates 50W, and the total
injected power is almost 250W. A heartbeat genera&oimplemented in a high

performance. TMS320F28335 MCU that broadcasts ¢laet lbeat signal which comprises
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the grid synchronization information. The frequedcsturbance of each PV inverter is set
independently and locally within each molecule.

The RLC tank consisted of a @resistor, a 115 g capacitor and a 4®mH inductor.
Based on these values, the quality factor of tiséesy equals 1.26, which is a load with a
partially high Q-factor.

In Fig.5.7, the yellow waveform is the grid voltagélue waveform is the current
injected from grid to the load and the red wavefasnstring current. Because of high
quality factor, the string current did not chanfferaslanding happened. As it can be seen,
the peak of this current is almost 5A. At the stgrt all the load current is provided form
the grid and there is no IM unit inverter connect&dadually with adding more units, the
grid current is reduced, and string current rampssuch that the power balance is
maintained between the grid and PV side and tleeteq current from the grid becomes
zero showing that all the power is provided by & generation. The zoomed in view
after islanding happens shows the LFBD method edact the islanding conditicend
shut down the PV string in less than 10 electridey (160ms) which is much lower than

two seconds.
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Fig. 5.7. Implementation of LFBD islanding deteatifor a string of five units of Inverter Molecule™

5.2. PMPT Verification:

For the hardware setup, a multi-purposed genemwvexber (MPGC) which can be
operated in both DC/DC and DC/AC modes is utilizmdshown in Figs 5.8. For the
controllable DC load, a minimum threshold voltageirse connected in series with a
constant resistor is considered through the Chrprogrammable load. This threshold
voltage indicates the minimum voltage needed tprbeided by the buck converter for the
load to avoid possible system shut off. This giussan equivalent model of a DC
controllable load such as energy storage systenS)XESr LED lighting. For the

implemented setup/m =75V , and Road =28W have been assumed.
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Controllable DC Load

: —— *xt_,
MPGC in DC-DC mode

PV Source

Fig.5.8. Implemented setup of PV source integraia DC controllable load by using a MPGC

A Terra SAS photovoltaic emulator model ETS150X5%6 been utilized as the PV
source. With selecting the PV panel with the patanseshown in Table.4.1, both non-
adaptive, and adaptive PMPT method can be testeldvexified experimentally.

For the results provided here, it is assumed thatsystem is tested in the islanded
mode, so we can ignore the grid connected operdhasther words, PV is assumed to be
directly connected to the common bus, and theignslanded. Grid connected operation
is very similar to a single- phase grid-tied PVarter as explained in [82-83]. It should be
noted that in this system, it is assumed thatailiyti MPPT controller starts running to
provide maximum power out of the PV source. As showthe Fig.5.7, at the start up, PV
and load currents start increasing to reach the piitft, and simultaneously PV voltage

which is same as the bus voltage is decreasinggithiy,, =vmppt=329v. Based on the timing

scale shown in this figure, it takes almost terosds for the system to regulate the MPP

voltage for delivering maximum available PV powdrigh is about 150W.
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Fig. 5.9. Experimental result to maintain the MRR=vimpoi=329v at the startup. Blue is bus voltage, green
is PV current, pink is the load current

Two different scenarios are tested and presentddritboth, irradiance is suddenly
dropped 20% representing the impact of abrupt sigadiig. 5.10 demonstrates when no
load shedding is applied. As it can be seen, teeegyshuts down due to losing the control,
and it cannot reach any stable point.

The reason behind that is when irradiance dropeshtis voltage drops in response of
DC link capacitor discharging. As demonstratedFig.5.8, the PV voltage keeps
decreasing constantly, and at the same time, the ajele of the buck converter keep
increasing to compensate the reduced amount ofotdte current. As demonstrated, by
increasing the duty cycle, and correspondingly cetduthe bus voltage, the generated
power by PV is reduced more, and the power mismiatichiensified. So, the system moves
to unstable region, and it is failed when the diyiyle reaches the maximum possible limit

(duty cycle =100%).
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Fig.5.10. Experimental result without employing thad shedding after islanding. Blue is bus voltage
green is PV current, pink is the load current

Fig.5.10 indicates that for the selected PV padeky cycle gets saturated at

vy =Vge =133v . After this point, both PV, and load currents beeaero, and the bus voltage

goes to the open circuit condition

Fig 5.11. shows the experimental results of a PM@®system integrated with DC
controllable load after applying a load sheddingtoa when the irradiance drops 20%. It
has been assumed that the duty cycle of the buckecter has been limited to some
threshold values to avoid system shut down.

When the irradiance drops, bus voltage is decreasédduty cycle is increased

continuously such that it will hit the limit. Atighpoint, which is indicated by, =vgc =267

in Fig. 5.11, the reference load current is de@eas the new valuel § = 5.5A ). It should
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be noted that the new chosen value for the referenoent load should be selected such
that it will be below the maximum current that Hystem can provide after irradiance drop.

Also, with referring to the load current controltsign, when load current reference
drops, the error of comparator for the current camlgr loop becomes negative, and duty
cycle is decreased. That's why the bus voltagegsilated at a value higher than MPP

voltage. Fig. 5.11 clearly shows after employing tbad shedding, the load current is

regulated at the new value {. = 5.43 A ) which is pretty much close to the set reference

value (! dc = 55A ), and bus voltage is regulatedvgf =vq. =349v Which is higher than the

MPP voltage.

D30-¥ 303424, reeB3401281: Sun Mar 19142316 2017

1 220w 10,08/ 208/ 1.000s/ ) 12.0%

KEYSIGHT

HM ES

Bus voltage is
regulated at 35V

Channels g
1.00
100:1

Hitting the duty Load current is Min(
cycle limit and regulated to 5.5A i
switch to the new after employing ¥
reference current load shedding

fin{):

+0.0% +0.0V
1.00:1 | DC 100:1

Fig.5.11. Experimental result with employing thenradlaptive PMPT after islanding. To avoid
saturation of the duty cycle, it is assumed thatllourrent reference is reduced to 5.5A with apglypad
shedding. Blue is bus voltage, green is PV curi@nk is the load current
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In the next step, it is assumed that the propodéBTmethod is tested on a same
system as shown in Fig. 5.10 in the adaptive madexpected the load current reference
is reduced in multiple steps, and this will congrwihile the bus voltage drops as shown in
Fig.5.12. The system takes almost 15 sec to rdeecmatched power point.

Simultaneously, when the duty cycle increase, linsted to avoid any undesired
system shut off. When the bus voltage variatiots fato the acceptable range which is
depending on the sampling time, response time tlaadC link capacitor value, current
reference decrement is stopped, and the DC buageols regulated.

Fig.5.13 shows the zoomed-in view of the Fig.5.d&low the effect of variable
timing steps for load shedding in the adaptive PMRdthod. As it was expected, the
timing interval at the beginning of load sheddisgsmaller, as the power mismatch is
bigger, and the duty cycle gets saturated fastgrafproaching to the power matching

point, the power mismatch is reduced and duty dgiles longer to hit the new limit value.

LA T, LT

CURRALIVIGE DO D e S

205/ Stop 15.6Y

KEYSIGHT
TE ES

DC 1.00:1
DC 100:1

A q-
24,135V

Mla[);

Min():

Fig.5.12. Experimental result with employing theptive PMPT after islanding.
Blue is the bus voltage, green is the PV currenk s the load current
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5.3. Summary

In this chapter, both proposed algorithms requicetkst the LFBD anti-islanding
production, and PMPT methods were developed exeatatly. The system topology was
selected and the different components of the coeverere discussed. A multi-purpose
generic converter which can operate in both DC/Bx@ DC/AC have been considered,
and single-phase AC stacked grid-tied PV invegemiplemented for islanding detection.
The control algorithm for supervisory control daisding detection for the AC stacked PV

inverter, and the current loop for the DC/DC coteewere derived. To regulate the DC
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bus of the converter, both non-adaptive, and ada@®MPT algorithms were designed,
and tested with assuming that the power mismatchested due to the irradiance drop.
The experimental results obtained confirm the fiomatlity of the DC bus
regulation algorithm and the anti-islanding pra@mtimethod tested in the most difficult
conditions with different quality factors. Resutithe anti-islanding methods suggest
that, if implemented correctly, the energizing oads within an islanded section can
successfully be prevented based on the requirenmeatsiated by IEEE 1547 standard.
Conclusions and the future work can be developdédbthis research work have been

described in the next chapter.



CHAPTER SIX: CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

This research presents an advanced load sheddimgolconethod paired with
controllable DC load to regulate the bus voltag®@ microgrid architectures. Not only
does this platform bring advantages such as loaweplosses, lower cost of maintenance,
less investments, and more compatibility with meffitient electric loads which operate
internally on DC, it also provides a reliable, ofit; and efficient system to properly
regulate the bus voltage in both grid-tied, andrided mode through the controllable DC

load.

Also, a new algorithm named Locking Frequency BBetection (LFBD) to detect
islanding for DG systems including the investigalBd microgrid architecture has been
presented. Compared to other common methods faristartding protection, this
algorithm brings a reliable, simple method withaay impact on the MPPT operation of
PV, and it operates based on only frequency meamne of PCC. This method
categorized in active methods is mainly worked dase monitoring the command
frequency variations after injecting some distudzato the frequency of DG to produce
command frequency. In other words, without havimg @rbulence on the voltage/current,
and with only frequency disturbance, islanding ¢en detected when the command

frequency variation is kept constant. Another moalked Resonant Tank (RT) condition
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in which grid is still connected, but its frequenisystable has also been shown. Fast
response, easy to be implemented, no NDZ, flexpeldormance to detect both tank and
islanding conditions are the main advantages sfrtiethod indicating the benefits of this
algorithm. All the obtained results verified in theost difficult conditions to detect the
event, and tested in different scenarios with d#ifé quality factors can detect islanding

event within the range defined by IEEE 1547 stamhdatess than 2 sec

Both proposed methods have been tested throughagiony and experiment showing the
following achievements:
Proposed anti-islanding protection method whicbaked Locking Frequency Band

Detection (LFBD) can detect islanding only by measythe frequency of PCC

The proposed LFBD method can detect islanding endhe severe conditions in
which there is an exact power balance betweenghergted power, and the demanded

power by the load

Compared to other conventional methods to detkotding event, this method has
no No-Detection Zone (NDZ), and can be applied tdtinmverters systems, and it

is not influenced by number of DG resources.

The effectiveness of the proposed LFBD method heenbverified through both
simulation, and experimental results in differewmiditions for both single, and

modular architectures, single and multiple invextgystem.

Resonant Tank (RT) mode has been defined and iteei&for the system to operate

in this mode have been explained
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Based on the obtained results, it has been shaatmvith increasing the quality factor,
the load persistence to the frequency deviatiomagnified, and consequently the

required time to detect islanding is increased.

A new advanced control method called Power Matciiogt Tracking (PMPT) is
proposed to regulate the DC common bus voltageDiGr microgrids without

contributing the solar DC/DC converter, and withgniml information.

Proposed PMPT method can be categorized into tpestynon-adaptive PMPT, and

adaptive PMPT

It has been shown that using PMPT method is requ@r@nsure stable function of the

coupled PV-load system to avoid any possible sys$adnre.

It has been proved that non-adaptive PMPT is raitfmal in the real-world as it needs
to know the reference current information befoesating of power mismatch to ensure
controllable operation of the system. In the reale; this information for the required

current is not available.

Adaptive-PMPT as the only practical solution to mtain the DC bus voltage
regulation without using the solar DC/DC convertargd without having the required

information of the load current reference, andghd has been presented.

The proposed adaptive PMPT method provides a teliafficient system to properly
regulate the bus voltage in both grid-tied, andnded mode through a controllable

DC load.

The proposed adaptive PMPT can be used as a tetabiition to all existing DC

microgrid architecture that at least connected® controllable load.
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6.2. Future Work
Implementing a Low Voltage Ride Through (LVRT) detten on the existing setup
for LFBD method such that it can discriminate bdallts by providing both

protection methods.

Integrating both proposed algorithm including PMRiid LFBD into one system

to detect islanding event and apply load sheddmggulate the DC bus voltage.

Development of a control system for a DC microgyith different types of sources
and energy storage to see the impact of other esuend loads on the DC bus

voltage regulation.

Developing a Droop based control for the bus vetaden there are multiple

controllable loads connected to the common DC bus

Optimizing the adaptive PMPT method to providertiaimum bus voltage drop,

and load current fluctuations at the same time.

Comparing the implemented controller for the buckwerter in the PMPT method
with the constant switching frequency with othertimoels with variable switching

frequency such as constant on-time, or constarttrof methods.

Developing the proposed PMPT method when irradianceeases, and the bus

voltage increased (Overgeneration Mode).

Investigating to what extent it would be possibte use mixed AC/DC
microgrids in the power system by using the prodd3&IPT method, and how

would it affect its stability and reliability.
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* pwm_isr.c
*

APPENDIX A: CODES

* Created on: Feb 4, 2017

#include <math.h>
#include <stdbool.h>
#include <stdlib.h>

#include "DSP2833x_Device.h"
#include "DSP2833x_Examples.h"

#include "project.h"
#include "common.h"
#include "pwm_isr.h"
#include "main.h"
#include "adc_isr.h"

/I Global variables

double wdt_initial = 0;

double wdt = 0;

Uintl6 volatile state_variable = 0;

float  modulation = 0.0;

float  modulation_dc = 0.0;

bool long_cycle = false ;

/I PWM variables

double wt = 0.0;

float twoPl = 2*PI;

float Plbytwo =PI /2;

float  threePlbytwo = (3*Pl)/ 2;

float  mulfactor = (2*Pl)/ PWM_FREQ

Uintl6 counterl = 0, /I[For measuring the time between two rising edges
Uintl6 counter2 = 0, /I[For measuring the number of rising edges
Uintl6 counter3 = 0; /I[For measuring the frequency of sync signal
float Fn = 60.0 ; //Previous implemented frequency

float fn = 60.0; //Current calculated frequency

float A = 0.75; 11(k-1)/k

float B = 0.25; 111/

Uint1l6 no_cycles = 0;

float cmpa = 0O;

float cmpa_dc = O;

volatile float |_ref_conv = 0;

float func = 0.0 ;

/I ADC variables I *60*( 300e-9 Y:/ Isensor delay + gate driver delay

float open_loop_modulation = 0.6

float DC_duty open
float DC_duty_close

= 0.5; // DC-DC Converter
= 0.0 ; // DC-DC Converter

float DC_duty dd = 0;

float deltaD =0.0;
float ddupl = 0; .4
float dddownl = O;
float shed = 0; ~
float  dlimit = 0.6
float delta_ Vpv =0;

= 0.0;
:O;
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float deltal = 0;
Uintl6 c_freq = 0;
Uintl6 c_freql
Uintl6 c_freq2
Uintl6 cnt_dlI = 0;

Uint16 cnt_diref = 0;
Uint16 cnt_direfl = 0;
Uint32 offset_counter = 0;

/IMode Variables

Uintlé6 OP_Mode = 1;

Uintl6 Cmd_Start OP = 0;

Uintl6 load_set = 0;

Uint1l6 cnt_mppt2 = 0;

Uintl6 cnt_ MPPT =0, CNT_MPPT_10Hz=2500;
int CMD_MPPT_CNTR_GHN;

float P_PV=0., Old_P_PV =0.;

float |_PV =0., Old_I_PV =0.;

float Delta P_PV =0;
float V_PV=0., Old_V_PV =25;
float Old_V_PV_shed = 34;

float P PV _sum =0, V_PV_sum=0;
float P_PV_avg =0, V_PV_avg =0;
float | _PV_sum =0, | PV_avg =0;
float P_PV_inst =0;

float dl =0;

int mppt_status  =0;

/IController Variables

float Idc_ref = 0.;

float Idc_ref new = 0.;

float Idc_err = 0.;

float  kiid = 0.00 ; /lIntegrator gain for Idc
float kpid = 0.00 ; /IProportional gain for Idc
float intldc = 0.; /lintegrated value of Idc
float Idc_ref open  =0;

float lpv_ref open  =0;

float  lpv_ref = 0.;

float lpv_err = 0.;

float  Kiipv = 0.00 ; /lIntegrator gain for Ipv
float kpipv = 0.00 ; /IProportional gain for Ipv
float intlpv =0.; /lIntegrated value of Ipv

int open_flag =0;
int xyz =0;

int count_shed =0;
int count_shedl =0;
int count_shed2 =0;

/I This function executes any initialization requir
void isr_init (void )

{

wdt_initial = (2*Pl)/ SAMPLE_COUNT

wdt = wdt_initial ;

ed for the pwm_isr
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if ( CMD_MPPT_CNTR_O&E 0)

{
if (I_PV_avg adc < &&V PV _avg _adc < )
{
load_set = 2;
shed = 1;
}
if (DC_duty close > &&1 PV _avg_adc < )
load_set = 2;
delta_Vpv =V_PV_avg adc - Old_V_PV_shed ;
shed = 1
if (cntdl >= )
{
Old_V_PV_shed =V_PV_avg_adc ;
cnt_dl = 0
if (delta_Vpv < - )
{
if ( cnt_dlref >= 1)
deltal = deltal +
cnt_dlref = 0;
}
else cnt_diref  ++;
}
if (delta_Vpv > )
{
if ( cnt_dlrefl >= 1)
deltal = deltal - ;
cnt_dlrefl = 0;

else cnt_dlrefl ++;

else cnt_dl ++;



if (load _set == &&delta_Vpv < &&delta_Vpv
{
cnt_mppt2 ++;
if (cnt_mppt2 > )
{
Ipv_ref =|_PV_avg adc ;
load_set = 0;
cnt_mppt2 =
}
}
}
if ( CMD_MPPT_CNTR_ON= 1) {
P_PV_inst =1_PV_ avg adc *V_PV_avg adc;

P_PV sum +=P_PV_inst ;
V_PV_sum +=V_PV_avg_adc ;
| PV_sum +=1 PV avg adc ;

if ( cnt_MPPT >=CNT_MPPT_10H2)
P _PV_avg =P_PV_sum/cnt MPPT;
P_PV_sum = 0;
if (P_PV_avg > )
{
CMD_MPPT_CNTR_ON= 0;
Idc_ref = Idc_output - ;
load_set = 1;

}
V_PV_avg =V_PV_sum/cnt_ MPPT;

V_PV_sum = 0;
|_PV_avg =1_PV_sum / cnt_MPPT;
I_PV_sum = 0,
Delta P_PV =P_PV_avg - Old P PV ;
if ( V_PV_avg <=0Id_V_PV)
{
if ( Delta P_ PV >= 0)
{
if ( Delta_ P PV >= 1) {dl= i}
if ( Delta_ P_PV >= &&Delta P PV <
if ( Delta P_ PV >= &&Delta P_ PV <
if ( Delta P_ PV >= &&Delta P_ PV <
Ipv_ref = lpv_ref +dl ;
mppt_status = 1;
}
else
{
if ( Delta P PV <= -1) {dl = i}
if ( Delta_ P PV <= - &&Delta P PV >
if ( Delta_ P PV <= - &&Delta P PV >
if ( Delta P PV < &&Delta P PV > -
Ipv_ref = lpv_ref - dl
mppt_status = 2;
}
}
else
{

if (Delta_P_PV >= 0)

>
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{
if ( Delta P PV >= 1) {dl= i}
if ( Delta_P_PV >= &&Delta P_ PV < 1) {dl = i}
if ( Delta_ P_PV >= &&Delta P PV < ) {dl = }
if ( Delta P_ PV >= &&Delta_ P_PV < ) {dl = i}
Ipv_ref = lpv_ref - dl
mppt_status = 3
}
else
{
if ( Delta P PV <= -1) {dl= i}
if ( Delta P PV <= - &&Delta P_PV > -1) {dl = i}
if ( Delta_ P PV <= - &&Delta P_ PV > - ) {dl = i}
if ( Delta_ P_PV < &&Delta P_ PV > - ) {dl = i}
Ipv_ref = lpv_ref +dl ;
mppt_status = 4,
}
}
Old_V_PV =V_PV_avg;
Old_P_PV =P_PV_avg;
Old_I_PV =|_PV_avg ;
cnt MPPT =0;
}
else cnt_MPPT ++;
}
/I Current Control Code
if (load_set ==
kpid = ;
kiid = ;
Idc_err = Idc_ref - ldc_output
intldc = intldc + kiid *Idc_err
if (intldc >= ) intldc = ;
else if (intldc <= - ) intldc = - ;
modulation_dc = (intldc - kpid *Idc_err );
DC_duty close = DC_duty_open + modulation_dc
}
else if (load_set ==
{
kpipv =
kiipv = ;
Ipv_err = lpv_ref - |_PV_avg adc ;
intlpv = intlpv + kiipv ~ *lpv_err ;
if (intlpy  >= ) intlpv = ;
else if (intlpy <= - ) intlpv = - ;
DC_duty close =DC_duty open + (intlpv -
kpipv *lpv_err );
}

else if (load_set ==

{
kpid = ;
kiid = ;



Idc_ref new = Idc_ref - deltal
Idc_err = Idc_ref new - ldc_output
intldc = intldc + kiid *Idc_err
if ( intldc >= ) intldc = ;
else if (intldc <= - ) intldc = -

modulation_dc = (intldc - kpid *Idc_err );
DC_duty dd = DC_duty_open + modulation_dc

if (ldc_err > )
{ ddupl =dlimit
if (c_freq >= )
dlimit = dlimit + :
c_freq = 0;

else c_freq ++;

if (DC_duty dd >=ddupl )
{

DC_duty dd =ddupl ;
Idc_ref = ;
load_set = 1;
}
}
DC_duty close =DC_duty dd ;
}
else if ( DC_duty close >= ) DC_duty_close =
else if ( DC_duty close <= ) DC_duty_close =
cmpa dc =DC_PWM_TBPRD ( - DC_duty close );
}
#endif

#ifdef DCUNIPOLAR
EPwm3Regs . CMPAhalf . CMPA= cmpa_dc ;
EPwm4Regs . CMPAhalf . CMPA= cmpa_dc ;
#else
#endif

wt  =wt +wdt;
if (wt >=twoPl ) wt =

else if ( state_variable == 1)

{

counterl  ++;

if ( counter2 <= STARTUP_WAIT)
GpioDataRegs . GPBCLEARbit . GPIO41 = 1;

if ( counterl > (( 5*CL) + UCL))

{
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state_variable = 2;
}
else if (state_variable == 2)
Uintl6 n = 0;
for (n =1, n < 6; n++)

{
if ( counterl > ((( n-1)* CL) +LCL) &&counterl
{

counter2 <= (STARTUP_WAIT- 5))

counter2 ++;
counterl = 0;
if (
GpioDataRegs . GPBSETbhit . GPIO41 = 1;
break ;
}
1 else
1 {
1 state_variable = 0;
1 counterl = 0;
1 counter2 = 0;
1 }
}

state_variable
if ( counterl >

1;
(( 5*CL) +UCL))

{
state_variable = 0;
counterl = 0;
counter2 = 0;
}
if ( counter2 == STARTUP_WAIT)
{
state_variable = 3;
counterl = 0,
counter2 = 0;
1 GpioDataRegs.GPASET.hit.GP1028 = 1;
CPLD PWM
EPwml1Regs . AQCSFRChit . CSFA =
#ifdef ALL_DSP_PWM
EPwm1Regs . AQCSFRChit . CSFB =
EPwm2Regs . AQCSFRChit . CSFB =
#endif
EPwm2Regs . AQCSFRChit . CSFA =
EPwm4Regs . AQCSFRChit . CSFA =
#ifndef CONTROL_CARD
EPwm5Regs . AQCSFRChit . CSFA =
#endif
}
}

/I if bytes are available in FIFO, copy them out, b

the pwm is in state=3. This will

/I only happen once per sync cycle (60 Hz) so, no d

missing data. Also, don't run if

/I the outer loop has locked any queues to avoid da

< (C n-1)* Ch

0x0;

0x0;
0x0;

0x0;
0x0;

0x0;

ut not when

ta corruption.
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1l if (! long_cycle)

1 {
/I Check if a byte is waiting in the receive FIFO
if (SciaRegs . SCIFFRX. bit . RXFFST > 0)
{
/I Check if there are eight or more bytes in the
receive FIFO

if (SciaRegs . SCIFFRX. bit . RXFFST >= 8)

/I let's disable comms until the fifo empties

uart_rx_disable (& termination_box );
}
/I make sure the list isn't locked
if (! sci_receive_list . locked )

/I Check for empty list or full last entry and
add new empty entry to end

if (sci_receive_list .last == NULL || sci_receive_list . last -> full_packet
== ]_)
{
if (queue_receive_add (&sci_receive_list ,  NULLD)
sci_receive_list . last -> full_packet = 0;
}

/I Now, do we have a non-full list entry at the
end of the list?

if (sci_receive_list .last 1= NULL &&
sci_receive_list . last ->full_packet == 0)
{
sci_receive_byte (&termination_box  );
}
}

}

else

{

/I nothing to receive so make sure we re-enable the
UART if it was disabled previously
uart_rx_enable (& termination_box );
}

nooy

/I Clear INT flag for this timer
EPwm6Regs. ETCLR bit . INT = 1;

/I Acknowledge this interrupt to receive more inter rupts from
group 3
PieCtrlRegs . PIEACK. all = PIEACK_GROUP3
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APPENDIX B: MPGC DESIGN

As explained before, a multi-purpose generic caeveiMPGC) including both
DC/DC, and DC/AC converter is used for the expentakverification of both proposed
methods. A big picture of this implemented boars een shown in Fig.1, and its different
sections have been demonstrated in the Fig.2. Adeaeen in Fig.1, this board has some
unpopulated sections which haven’t been used fervtlork, and it is basically for later

developments which are mostly related to educattipmgooses of this design.

AW Control Power ON/OFF Switch

Qutput: Load

Vne input ON/OFF Switch

Figure 1. Switches and Terminals to set-up on ti&S@ board
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e e gy L i
L Communleatlon

Figure 2.General structure of the Power Electronics Edupati8oard

As shown in Fig. 2, this board has the sectiontedisin below with different

capabilities:

1. Multi-inputs ports including DC input ports for totDC/DC, and DC/AC
converter

2. DC/DC converter configured as a half-bridge which used for PMPT
implementation and its associated current sensors

3. Hybrid Si/SiC Inverter including the H-bridge powsage, AC filtering, and
its associated current sensors

4. High speed analog PWM circuit including the deaddgenerator. This circuit

is able to run very high switching frequencies.
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5. Measurements and communication part to monitarelog, and digital PWM
signals

6. Mode selector section including four jumpers totslvibetween analog, and
digital PWM signals.

7. Digital to analog converter (DAC) circuit to genteraeference signal for PMW
generation through digital signal created by thenidrocontroller.

8. Microcontroller which is designed for TI-F28335 tanh card.

9. Extra high frequency current sensing circuit whicmsist of three Hall-effect
current sensors for measuring currents in the Midge of switching frequency

10.Power supply section which consist of isolated AC/Bonverter, and 5V
regulators

11.Isolators and voltage conditioning circuits inchglimixed signal circuit,

voltage sensors, and digital isolators.

Some of the obtained results for the MPGC for déifé DC/DC, and DC/AC
modes have been shown in Figs 3-6. For example, Fighows how APWM is
generated by comparing the constant DC value withaagular waveform. In this
figure, switching frequency has been assumed t23%Hz. More details about the
capabilities of this design, and its applicationrssearch and educational purposes can

be found in [61, 82-83, 88-90].
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Figure 3. PWM generator (2V)

Yellow: Triangular-waveform, Green: PWM ReferenBije: PWM output

Figure 4. Buck converter output voltage with 500f@iscontinuous Conduction Mode)

Yellow: Converter Output Voltage, Greenzy/sot,DC input voltage: 20V



107

Figure 5. Buck converter output voltage with 2ol@oiitinuous Conduction Mode)

Yellow: Converter Output Voltage, Greenszd/sot,DC input voltage: 20V

Figure 6. Drain-Source Voltages of the MOSFETshim $witching Transition (Top Left Switch is
ON)

Yellow: Vgs (Top Left), Vgs (Bottom Left), Blue: \&(Top Left), Green: Vds (Bottom Left)
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Figure 7. DC/AC operation of MPGC
Blue: Inverter AC voltage, Green: Grid voltage, lgal: DC Voltage, Red: Grid current



