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ARTICLEINFO ABSTRACT
Article history: This paper presents a magnetically coupled hybeidewable energy system (RES) for residential
Received 23 June 18 applications. The proposed system integrates teeg@s of a set of PV panels, a fuel cell stack, @an
Received in revised form 08 May 19 battery using a multi-winding magnetic link to slipp residential load. It can operate in multiphkedg
connected and off-grid operation modes. An energnagement unit including an off-line dynamic
Keywords: programming-based optimization stage and a rea-tirke-based controller is designed to optimallytoad
Energy management the power flow in the system according to the piedi energy plan. The system is designed according t
Real-time the required standards of the grid-connected resaleRES. Different sections of the proposed syste
Renewable energy system including steady-state operation, control techriqeaergy management method and hardware design are
Residential studied in brief. A prototype of the proposed syste developed and experimentally tested for amggne
Rule-based management scenario considering both sunny andilpuofiles of the PV generation. The energy

distribution and cost analysis approved the bemefithe proposed system for residential consumers.

1. Introduction

Although various distributed generation (DG) systdrased on renewable energy sources, such asedlarind have been used for many years, it is still
a serious challenge to integrate them into the eotional distribution networks since these renewalergy sources are intermittent, resulting irr poo
power quality. This problem can be effectively smhby adopting the concept of smart micro-gridsetvintegrate the renewable power generation, gnerg
storage, and consumption closely through intelligesmmunication and control strategies [1]. To iempént this, power electronic converters capable of
bidirectional power flow and four-quadrant operatare required [2]. Special control strategies, etdled in the power converter controllers and micro-
grid control center, should be developed to cortrelpower quality and maintain steady voltage faegluency in the islanded and grid-connected modes
[2]-[3]. Residential consumers as an important iporbf electricity consumers are changing from pesenergy users to active small-scale energy
producers. The rooftop solar systems have beeniggaventinuously in Australia over the past decade increased to about 1.6 million in 2017 [4]. The
annual number of solar PV systems installed img¢silential and commercial sectors decreased lligtiér a sharp increase over the past decadeugith

the average size of the PV systems has been imgeasm 1 kW to about 5.5 kW as illustrated in Hid5]. Despite their advantages, the intermittency
nature of most of the renewable resources stlldhallenge which can be resolved by hybridizattohybrid renewable energy system (HRES) combines
the energies of several renewable sources to stipplpad [6]. It may need an energy storage dextich as a battery to save the energy for the tinags
none of the sources is available [7].
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Fig.1- () Number of solar PV systemsinstalled annually, and (b) size of the installed solar systemsin Australia over the past decade[5].
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Fig.2- Structure of a hybrid renewable energy system, (a) without the magnetic link, and (b) with the magnetic link

The storage device also can be used to smootrathgtion from one source to another and balane@hergy transfer in the case of using sourcésawit
low dynamic response such as fuel cells [8]. A Widissed hybrid system includes wind and solar ensmyirces providing a more reliable source due to
their complementary nature. To integrate the ostptitenewable energy sources to supply the Igidreht HRES topologies are proposed in the liteea

The most common structures include severahgel conversion blocks to adapt the output voltfgeach source, storage or load to the common
intermediate electrical ac or dc bus [9]. Fig.2ghdpws an example of a residential HRES includindtipie voltage conversion blocks and a common
electrical dc bus. The main drawback of such altapois its control complexity even if each coneeithas a simple structure and control method. Aimul
port converter topology as a single power procegssiit is an alternative for the multi-conversiasbd systems. This can effectively reduce the satal
and cost of the HRES, and individual controllers ba compacted into a centralized control unit [0 the other hand, common problems of electrical
buses like voltage and frequency instabilitieseu@ded. Due to this many attempts have been neaebgpiore new topologies of multi-port converters f
HRESs [8]-[11]. The proposed topologies operateniyidiased on the series or parallel connectiorotibge or current source cells [12], time shariti®] [
and magnetic coupling [14] concepts. Neverthelasigw of these topologies can be modified for tbasehold application according to the required
standards [15]-[17]. Considering safety requiremmemid range of processing power, magnetically eauplulti-port converters are a proper candidate for
residential applications [14]. A topology of a matioally coupled HRES is proposed in Fig.2 (b). @aning this structure with the one presented inZig
(a) shows that the magnetic link shortens the pdleer path and reduces the number of converterghvimicreases the system efficiency and reduces the
size and cost. Despite the remarked advantagegndmsd development of the multi-winding magneitik$ with a large number of windings is complex
[9], [14]. Therefore, a more efficient and simplepology is suggested in this paper, by using alioation of electrical dc bus and the magnetic.link
Besides the system’s topology and configuratioffieint household energy management techniquesnapéoyed to save the household energy bills with
less influence on convenience and healthinessabtbupants [18]-[25]. The reported techniquesramly related to the demand—-side management [18],
[19], off-line optimization methods [20], [21] améal-time rule-based power flow control technig[22, [23]. Other management techniques using fuzzy
logic and artificial neural networks also have besported [24]-[26].

Dynamic programming as an attractive optimaatiechnique has been used as an optimizationitgeghin several energy management systems
including PV/battery HRESs [20] and electric veb&c]27]. It doesn’t need any particular mathembsiolver and is independent of the nature of tistesy
constraints (linear or nonlinear, convex or concate) [20].

In this paper, an HRES topology is proposedésidential application. The system integratesdhtput energy of a PV, fuel cell and battery to
supply the loads. The proposed system can operatéarge number of grid-connected and off-gridrapien modes (totally 18 modes) compared to the
previously reported systems. Furthermore, it carsidnore effective elements such as battery changedischarge characteristics and efficiency
performance of the converter in the optimizatioogess. The paper is continuing the work presentexuithors in [28]. However, more attention is paid
the energy management system and the hardwaredeathich adapt the system to the recent standégi&l-connected HRESs. Therefore, a brief review
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on the main mandatory standards of the grid-comde@sidential renewable energy systems in terrhamfionic contents, voltage and frequency variation
range has been presented in this paper.

As the main contribution, detail of a novel energgnagement technique comprising an off-line 2D dyingprogramming-based optimization stage
and a real-time rule-based controller is preserfbdrefore, both the real-time value of the syspamameters and the long-term predictions of thegsne
generation and consumption, and the energy cofitephave been taken into account. Furthermoregeffieiency performances of the converters and the
transformer are included in the optimization prec&ome control technigues and hardware desighsthamployed to adapt the system to the current
standards of the grid-connected HRESs [15]-[17$yAchronized bus voltage stabilization (SBVS) téghe is designed in the converter control loop to
improve the soft switching range and efficiencytted TAB converter. The low-frequency ripples progiag from inverter on the fuel cell and the PV dc
buses is limited by using a compensation blockéitverter current control loop. The system idguted by designing appropriate voltage and frequen
fault detection circuits according to the requistahdards [15]-[17].

The rest of the paper is organized as follolire steady-state operation and control techniqukeoproposed system are discussed in section 2 and
the operation modes and energy management mettsmtiion 3. Section 4 reviews the hardware desighdavelopment. The experimental test results
are presented in section 5 and conclusions incse6ti

2. Operation and control in steady state

The topology of the proposed HRES and the obeystems are illustrated in Fig.3. As can be stensystem contains a PV array and a fuel catkst
as renewable energy sources and a battery banleegyestorage to supply a 4.5 kW residential I3t proposed topology includes three H-bridge dc-
ac converters in port one, two and three which foantriple active bridge (TAB) dc-dc converter. tHour, includes a bidirectional buck-boost coneert
to link the battery to dc bus and the PV is linkedhe dc bus through an interleaved boost convertee TAB converter also can operate in dual activ
bridge (DAB) mode when only two bridges are actiVhe proposed topology and the control techniqaeste generally used for a hybrid renewable
energy system with any type of input source. Howeaspecial consideration regarding charactesisti@ach energy source should be taken into atcoun

In port three, the switching devices S31-S3dehiaeen shared between the H-bridge dc-ac convenerthe interleaved boost converter. The
interleaved topology reduces the high-frequencyeturipple of the PV port which improves the MPg&rformance and the efficiency [29]. It also boosts
the PV output voltage and transfers the extractaeepto the dc bus capacitGs. To perform the maximum power point tracking (MjRfe PV output
voltage and current are sent to the energy managemi (EMU) and are used to define the approgriaterence voltagd/{py) for PV output according
to an incremental conductance MPPT method [30]o#bie-loop control system including an inner inducturrent control and outer PV voltage control
is used to maintain the MPPT by changing the dutjed,.

On the other hand, the phase shift agglds used to regulate the dc bus voltagg,on the reference valu¥'gs). The reference voltage is defined as
a function of dc bus voltage of port ong, to synchronize the voltage variations of pdnreé and one. To realize the SBVS technique, tlieseoond
product of the voltage waveforms on all the thr@edimgs of the magnetic link should be kept eqB8&lTherefore, current in the windings of the magne
link and consequently the conduction loss is mimedi and the soft switching operation is achiewedte entire operating range of the TAB converter
[8], [9]. As a common problem, a low-frequency fpf=2w) is reflected from the inverter output on the higiitage dc bus. The resultant ripple also is
transferred to the low-voltage dc-bus which caredetate the MPPT performance. To reduce the eféeptoportional-integral-resonant (PIR) controller
is implemented by adding a resonance element tBlthentroller transfer function in the inner cuntreontrol loop and presented as:

Pl resonant element

——

k 245

Cip(s) =k, +L+
o (8) =Ko S S?+4768+ (2w)?

@
whereke andk;, are known as the proportional and integral coieffits respectively, and=100r for f=50 Hz. The fuel cell stack in the port tveomainly
used as a backup energy source and is directlyecteoh to the H-bridge conversion cell in the TABieerter. The power flow between ports two and one
(P,) is controlled by the phase shift angle according to the reference signaj’ jRjenerated by the EMU as presented in Fig.3. Biweepflow in reverse
direction from the grid to the battery is achiebgdreversing?, and B signals and activating battery port in buck ogeramode. The battery as the main
energy storage device is linked to dc bus by uaibglirectional buck-boost converter. It also isdig1 standby mode to stabilize the voltage ofdihéus
due to the slow dynamic response of the fuel delthe first case, the reference voltayé) is determined equal to the nominal bus voltage iarthe
second case is defined &% =(No/N1)Vix according to the SBVS technique using dc bus gelia port one\(,;) as a reference. The converter is always
operating in continuous conduction mode (CCM), #redcharging mode (buck) or discharging mode (Hamstration is defined by the duty ratiotbé
gate drive signal applied to Bresented ad,, compared to a critical duty ratiq"dcand briefly can be presented as: d>-é¢Boost, d< d —Buck. The
critical duty ratio d° where the average of the battery current is euatro is determined by, d=1-Viaf Ve, WhereViwa andVi, represent the battery and
the dc bus voltages respectively [31].

The H-bridge converter in Port one transfeesdatput power from PV, fuel cell or stored powethe battery to the high-voltage dc bus and furthe

to the grid-connected inverter by using leadingsetehift angles,; andgs; as illustrated in Fig.3. The single-phase bidiewl inverter then converts the
high voltage dc bus to the low-frequency ac voltgeplied to the residential load and the grid. @tmverter can be used reversely as a rectifieotoert
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Fig.3- Structure of the proposed hybrid renewable ener gy system, control system and ener gy management unit

the ac voltage of the grid to the high-voltage dd &ransfer the power from the utility grid to thattery. A second DSP controls the inverter duth¢o
limited number of PWM output signals.

In the single-phase inverter a double loop cordystem is designed to control the output currergictly to follow the utility grid voltage. A phase-
locked loop (PLL) block is used to generate a ita reference signal synchronized with the gnithie grid-connected condition or independentighism
islanding mode. This results in a unity power faetod relatively low THD according to the requirgtdndards and fast dynamic response [32], [33]. To
control the direction of power flow, the referersignal for high voltage dc bus ) can be adjusted to less than the actual valugfor operating in
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Fig.4- Simplified power flow model of the system [27]

inverter mode and more than the actual value fdifier mode. In the inverter operation mode, aagé ripple with the frequency @=50 Hz) is reflected
from the inverter output on the high-voltage dc [29. The reflected ripple is transferred on tleebdses of the PV port and the fuel cell ports Witan
deteriorate the MPPT performance. To reduce tféggfa feed-forward signal equal to,{V V) is applied to the inverter current control loggpaesented
in Fig. 3. This applies a signal with reverse \ioia and the frequencyf 2o the output filter inductor current which redsaée low-frequency ripple
reflected on the high-voltage dc bus. The praceffact of using this block on the propagated loegtiency ripple will be presented in the experirakent
results. An electrolyzer is considered as a pathefresidential load to increase the energy manegeflexibility of the system and also generates t
required Hydrogen for the fuel cell operation. Tneportional and integral coefficients of the Pimmensators in all controllers are determined adogrd
to the desirable crossing frequency and phase ngdjithe current and voltage control loops [34]e Transfer functions presentedH($) are low-pass
filters. Next section reviews the operation modws the energy management technique in the propgeRE&s.

3. Analysis of the energy management technique

The EMU defines the active operating mode efdyistem according to the control objectives, gnergnagement scenario, energy cost and availgbility
and the load demand. As presented in Fig.3, the Eidludes a data acquisition and record unit teikecthe voltage and current signals of the coevert
ports. The received data is later sent to a rea-tilata processor and are used to calculate thedlland load powers, estimate the battery SO an
perform the MPPT process. On the other hand, t demand and PV power generation profiles armattd based on the historically recorded data and
the information received from the regional powestidbution control center in a pre-processing uFite resultant values are used to generate theneke
signals for local controllers and determine therapjen mode. The operation modes are defined basetie power flow direction between the active
components of the renewable energy system. Theliiedpower flow model of the system illustrated irig.4 is used to present the possible operation
modes [28]. In this model, each of the dc-ac oddaonversion cells and the transformer are predes a simple power processing block. Fig.5 shows
the possible grid-connected and off-grid operatmules of the system. The operation mode M1 wher#d is supplied by the grid only in grid-conrmeict
or by the battery in off-grid conditions is definas the basic mode. Therefore, it is a commonsstatall operation modes and is used as a bridgioge
in most of the mode transitions process as is antamstatus between all operation modes.

In this paper, the optimal operation modeetetnined using a two-scale control strategy. As@nted in Fig.3, an off-line dynamic programming
unit (DPU) is used to optimally determine the aafalié capacity of the storage devices accordingpeddng-term energy plans. The resultant variation
ranges then are used in the real-time mode sateatid transition unit (MSTU) to be used for defgqnthe appropriate operation mode. A mode transition
strategy is designed to avoid the instabilitiesrduthe change over from one operation mode toh@moThe transition between two operation modes can
be performed directly or through a bridging modpedeling on the origin and destination mode conuiitidhe MSTU operates based on a real-time rule-
based controller to determine the next operatiodanth also contains a state transition diagran(S® determine the transition path between theaijmn
modes as presented in Fig.6. Furthermore, the steps of the transition process and the requireditons are controlled. This includes the evalrati
of available stored and demanded energies of thigpaenents involved in the destination mode, conglthe transition steps and generation of refezenc
and command signals for the device level contmlldihe proposed system can be used as a platforef@lopment and test of different energy
management techniques as all required signals d@nfuel cell, battery, residential load and thémuaid are received by the EMU as presented in3Fig
On the other hand, it is assumed that the micrd-@pntrol center provides the grid energy costhernext time interval. The forecasted profiletuf toad
demand is obtained from historical data recordeINtU. The predicted PV power generation profilessimated using climatological data provided by
the power distribution control center for the ntixte-frame and is regularly updated. Details ofdbetrollers are discussed in the next sections.

3.1. Dynamic programming unit

The DP is an optimisation method which definesktbst arrangement of operation modes to satisfyedefined objective function during a moving
timeframe [20]. The timeframe is divided into seldime steps starting from the current time tatarfe and is updated at the beginning of each steye
by moving one step ahead. The process includeesgglstages of applying a change (positive oatieg) to the system variables for a time step and
estimation of the system status at the end ofithe $tep accordingly. The system constraints shibelthken into account for each time step. Theieghpl
changes to the system variables lead to a parntivatéation path during the timeframe. The prodsgserformed for all possible paths and the path wi
the best result according to the objective funcifoselected. Finally, the system variables andaifms mode are changed according to the selectiéd p
The method accepts any linear or non-linear, comveooncave constraints. However, selecting srima#-steps with the large time-frames needs large



© oOo~N O U1 A~ W

11
12

13
14

15
16
17

18
19
20
21
22

Grid-connected operation modes Off-grid operation modes

i M9

E) Vs ([

. ] i A SOHi+1
O\ $C(t) i A SOC.i+1

Fig.6-State transition diagram of the M TSU Fig.7-The Trajectory of 2D-dynamic programming

memory space and may result in the extensive catipnttime. On the other hand, the characterisfitise system components such as converter eféigien

performance and the battery power loss duringtlaege and discharge processes can be taken irtoraéan the optimization and mode selection process
In this paper, the objective function of the BN§ to find a scheduled variation path for thetdrgt state of charge (SOC) and the fuel cell state

hydrogen (SOH) which minimizes the energy coshefgystem during the related time-frame. Fig.&ittates the trajectory of the proposed DP problem.
The pre-processing unit provides the forecastefilgs®f the load demand and PV generation (refgrto Fig.3) and the energy tariff profile of thdity
grid for the next timeframe is received regularlynfi the smart grid control centre at the beginmihgach time step. The optimization problem staith

power balance equations of the system accordifiptd as

Fec + By t Ry tRep ~Rp —Fy —Ps=0 )

wherePsis the total power loss in the system and can berdposed into the transformer lo8s4) and the converters losB §c) as

Pis = Pst t Pisc

©)
The power loss is defined by the conduction andcéivig losses in the H-bridge unifd §xs), buck-boost dc-dc convertd? ggs) and the single-phase

inverter P n) from

PLS,C = (PLS,HBl + PLS,HBZ + PLS,HBB) + PLS,BBC + PLS,IN

4
For the sake of simplicity, the transformer conductoss and the converter conduction loss are gaedb The battery efficiency is also merged into

the buck-boost converter efficiency. The power lossach conversion unit is defined by using theveoter efficiency characteristic graph as a fuorcti

of the input power to the nominal power. The cotereefficiency curve can be estimated based omthmalized input power using a fitted second or

third-order polynomial as presented in Fig.8. Thttdyy loss also can be found as a function obtitery charging or discharging power taking into
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7

CHG
8 account the charging @Rs) and discharging (iRc) resistances as presented in Fig.9 (a). The paticiency during the chargcg@T ) and discharge

DCG
9 (’7BT ) process is defined based on the battery equivaleatrical model presented in Fig.9 (b) from [35]

CHG DCGy -1 _& :1_‘\/00 _\/\m

Ner = sr = PB% ‘ N

10 5)
11 wherePgr is the battery cells powePsr the battery terminal poweR the charge or discharge loss resistor ésglthe battery open-circuit voltage. The
12 battery SOC level defined &)Crin, SOCrnes andSOCr for the minimum, medium and maximum levels respebt is considered as another constraint
13 from

{SOCmed <SOC<OC,,, Sorage Application

" SOC,,;,, <SOC<0C,,, Off —grid Application ©)

15 On the other hand, the power limit constraamsthe maximum power of battery during the charykthe dischargdérms), the range of fuel cell
16 power Pgrrin @and Prcmax) fOr operation in the linear characteristics atea, maximum power that can be transferred to/fteengrid Popm), and the

17 maximum power of electrolyzePg max)-

P < Parmax Battery Power Limit

Pap < Repmax Grid Power—transfer Limit

R <Py Electrolyar Power Limit
Pecmin < Peomax S P Fuel Cell Power Limit

18 FC max (7)
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As can be seen in Fig.7, the procedure stattsapplying a positive or negative change (eit#&C, /SOH or both) to the current value of SOC and
SOH levels as the dynamic variables, for a timp-ateeadAT;). A positive or negative value 680C means a charging or discharging status for thtefyat
respectively and a zero value means a standby fnadeharge or discharge). Similarly, the positivenegative values ofSOH mean an active status for
electrolyzer or fuel cell respectively and a zeatue deactivates both of them for the respected-ttep. The amounts Br, Pe. andPgc then can be
calculated accordingly taking into account the ti@tists in (6)-(7). On the other hand, the foreedgtower profiles of the PV generation and loadatein
are used to estimate the amount®gf andP,p for the specified time-step. Finally, the powemtsferred to/from the gridPgp), the power loss in the

converters and the total power loBsg] is determined by using (2)-(4) and the power floadel of the system illustrated in Fig.4.

i
As the objective function is to minimize the emebill, the cost of energy received from the qr%B] and the benefits from sending energy to the

Cs

grid [ ~S] for the time-step should be determined from
Cy=|R * Clo o AT it R (AT XO @
Co =[P *Co_ay * AT} if R (AT )0 o

whereCgp sy andCep _sai, are respectively the cost of the energy receir@d and sold to the grid. The total energy costfpath considering steps for
each time-frame is determined by
. n . .
c'=>[ci+ci]
i=1 (10)

Finally, to find the variation path with the minimuenergy cost, the resultant cost of all possilatéag should be compared. As an example, the two-
dimensional searching space based on the SOC ad/&@@bles and two possible paths presented anRR2 are illustrated in Fig.7.

Different objective functions can be selected atiog to the system topology, energy generationderdand, energy management scenario. As an

example, in the case of a planned off-grid openatipscheduled power outage, the objective funatemm be adapting the power generation to the load

i
demand during the off-grid operation. Therefore, path with the minimum difference between the joted generated powerpe ) and the load demand
Pi
(" ¢ )is selected from

n
c'=Y [ -R]
i=1 (12)
The resulting values @fSOC, 6SOH based on the selected path then are sent to tHé&JMSbe used in the decision-making process aluitty the real-
time data of the system. The estimated computéitioe for each evaluation cycle of DP process was fean 10ns which is much less than processing
time of real-time control as will be shown in thexhsection.

3.2. Operation of thereal-time rule-based control

The real-time rule-based controller is thermrt of the MSTU and is designed to determineotheration mode of the system. The valuéSBC
andoSOH received from the DPU are used to make a decwidhe operation of the converter ports. The nead-t/alues of the energy difference between
the PV power generation and load demafgh), and the difference between energy prices of tliteamnd fuel celAC(n) are calculated in real-time data

processor as the other input parameters from
AC() =[Coo_suy (M) = Cec(M] AP(N) =[P () = Pry (M)] 12)

They are used to include the energy cost and thepdifference in the decision-making process.ga) shows the real-time rule-based control
strategy. As can be seen, the process starts lvdtbuvaluation oAP, which can be positive or negative for PV genendess than or more than the load
demand. In the first cas&P can be covered by one of the fuel cell, batteye utility grid depending on the amount of powensidering the available
hydrogen storageyOH) and the battery capacityJOC) received from DPU and the energy cost. In thes@case, the surplus energy generated by PV
can be supplied to the battery, grid or consumesléstrolyzer considering the available capacityhef battery {SOC) and hydrogen storagéSOH). In
the case of supplying energy to the grid, the gakihowledgment signal B signa) IS required. The last priority is given to thentjuloads such as water
heating or electrical heaters. To avoid the flatiins of the operation modes due to the variatfopower difference at the boundary values, hystsre
functions with adjustable hysteresis bands are eyegl. An example of a comparing block with the agaphysteresis function is illustrated in Fig.10. (b
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Fig.10-(a) The overall mode selection strategy designed in the MSTU based on the real-time data where DCH stands for discharge, CHG for a
charge, SEL for selling power to the grid and, BUY for purchasing power from the grid. (b) a hysteresis-based comparison block.

4. Hardwar e design and development

A prototype of the proposed system was desigmel developed for a residential house with a mami power of 4.5 kW and the average daily energy
consumption of 22 kWh. Fig.11 illustrates the haadwschematic and connection diagram of the dedigygtem including PWM and data transfer pins
of the DSPs (TMS320F28335). The designed protogype: the experimental test bench are presentedgiiZi The system level control, energy
management and monitoring are performed by a wisdaptop (CPU Intel-core i7, 2.6 GHz, 12 GB RAMYyawo digital signal processors (DSPs) are
used at the device level to control the dc-dc cdeve and the inverter. The renewable energy syataifithe residential loads are connected to thigyuti
grid through a bidirectional meter and a controBéatic transfer switch (STS). The STS is conttbby a fault detection and protection unit to diswect
and reconnect the system to the utility grid inecadetecting a faulty grid condition such as Aweder voltage or over/under frequency and mairtteen
anti-islanding operation in blackouts. When thelddult is cleared, the inverter operation is clahfrom off-grid to grid-connected mode through a
synchronization process. A seamless transitionbearealized by proper control of the STS, slowlmping up the reference signals in the inverter and
synchronization to the grid as presented in [36Hfige the IGBT switches, a two channels hybriggnated driver circuit (VLA567-01R) was selected
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Table.1 Standards of the Grid-connected Inverters

Set Point Trip_DeIay Maximum

Time
e Undervoltage (V<) 180V 1S 2S
I
voltage | p Overvoltage 1 (V>) 260V 1S 2S
\/v' Filter Overvoltage 2 (V>>) 265V — 0.2S
Under-frequency (f<) 47 Hz 1S 2S
e - Over-frequency (f>) 52 Hz — 0.2S
| |
I:l_l__ Decade ) '
[ Dividers—>— Flip Flop — I
| _LW T Immt |
110 MHZ - _ 100 KHz |
' xTAL Time base signal genera X
(b)

Fig.13- (a) short circuit protection using desaturation detection circuit and modified external comparator and, (b) frequency fault detection

due to its capabilities such as built-in isolateedd converter and short circuit protection, higlitage isolation (2500 V, rms) and high driving remt (8

A, peak). As short circuit protection and gate dréircuit are packed together, the gate signalbeammediately shut down in the case of short dircu
detection. The short circuit protection operatesebeon the desaturation detection where the coil@rhitter voltage of each switcNdg) is monitored
during the ON state and is compared to a refergireoltage. In the case of a short circuit, theusation voltage exceeds the trip voltage andte gfaut
down signal is generated as presented in Fig.13A&@j}he internal trip voltage is fixed, to adjtlse short circuit trip voltage according to the tewi
characteristics, diodd3, to D, can be used in a limited range. In this paperpgiegation is modified by using an external comtzard he gate shut down
signal is activated for a limited time (1r&) which is enough for DSP to reduce the gate veltdgsoft gate shut down is achieved by using at@aCson

to suppress the surge voltages at the shutdowamicest The residential grid-connected inverters inaiperate as a grid-following inverter with thelip

to only inject active power to the grid (by conliray current and phase angle). However, usingligeit inverters with the ability to operate asralg
forming inverter is encouraged and recommendetidgrrécent standard codes (AS/NZS 4777), but stillot operational. The low-voltage, high-voltage
and over-current alarms are also generated by aamgpéne measured values to the references usgigdpeed window comparators according to the
recent standards for grid-connected household RESsented in Table. 1[15], [16]. On the other hamdjer and over frequency alarm signals with a
reaction time of less than 5@ and accuracy of 0.1 % (0.05 Hz) are generatedsimguhe circuit presented in Fig.13 (b).

5. Experimental tests

Fig.14 presents two examples of direct anlitéict mode transitions that are controlled in MSTiUthe first case, the operation mode changes fro
M3 where the load is supplied by the grid and @il to M4 where the fuel cell is replaced by tlatéry due to the load reduction. As can be sedr2 M
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Fig.14-Operation of MSTU for two cases mode transition, (a) from M3 to M4, where M12 is used as bridging mode, and (b) off-grid condition,
from M3 to M2 where M6 isused as bridging mode due to the slow dynamic of thefuel cell.
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Fig.15- Experimental waveforms of the inverter output in (a) inverter mode and, (b) rectifier mode
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Fig.16- (a) The effect of using SBV Stechnique on the efficiency of the proposed HRES, and (b) the effect of using resonant compensation (RCP) in
the PV control loop on the PV voltageripple and compensator (CP) in theinverter control loop on high-voltage dc busripple.

is used as the bridging mode due to the slow dycsnfithe fuel cell. In the second case, the sys&emperating in off-grid condition and the modawches
from M3 to M2 where the PV power drops to zero #relfuel cell is going to supply the load. Howewdd 2 is selected as operation mode where the
battery is activated in to compensate for the signamics of the fuel cell during transition timeialhtakes about 230 ms in total. Fig.15 illustretes
inverter output voltage and current in both inveeted rectifier modes. As can be seen, the outpurest is a sinusoidal waveform with total harmonic
distortion (THD) less than 5 % according to thendtds (IEEE 1547 and IEC 61727). Fig.16 (a) shitwas using SBVS technique has increased the
efficiency of the system by 4 % when the output @ois 3.5 kW. Fig.16 (b) shows that the low-frequeripple in the PV output voltage is reduced by 3
% as a result of using resonant compensator (RCREiPV current control loop. On the other hahd low-frequency ripple propagated from the inverte
output on the high-voltage dc bus is reduced by%4.by using the compensator block (CP) in the iterezontrol loop. The main advantage of using
proposed control techniques is their realizationthia software form in the control loop which does require any extra hardware implementation. In
contrast, improvement of efficiency using somehaf soft-switching techniques or reducing the ripplsing a huge passive component in the low-pass
filter need extra hardware design, control compiesiand increase the entire system size and cost.

The performance of the proposed EMU is expenitally validated using the test bench shown inl2gTwo groups of constant and variable resistors
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Fig.17- The graphical user interface designed in MATLAB for data record, monitoring and the energy management of the proposed HRES.

are connected in parallel to model a residented /oo model a 24-hours residential load start: ft@ AM, each 2 min duration time is down-scaled to
10s in the test procedure and in total, 720 sangrkesecorded.

To record and monitor the system parameteraphiral user interface (GUI) is developed using MAB as presented in Fig.17. The main recorded
data include energy profiles of the PV, fuel cediitery, load and grid, the history of the systgrarating modes and faults and input and output déta
PV generation and load demand profiles are schédalehange according to a typical sunny day pofilis assumed that the system is in grid-corauect
condition with a flexible flow to/from the grid. Bpower limit constraints for the battery, elegtsalr, fuel cell and the grid are determined as\&)@00
W, 500 W and 1 kW respectively. Fig.18 illustraties power profiles of the PV (§), residential load (), fuel cell (Rc), battery (Br), and the inverter
for the 24-hour test duration. Furthermore, theéatan in battery SOC, fuel cell SOH, and the egeargst profiles are presented in details.

The operation modes of the system during thieatee presented at the bottom of the battery ppvedile. The system operation starts with M4 as PV
port is off and the battery supplies the power tutae small amount of load demand and lower cbsteobattery compared to the grid. On the othedha
the battery fully chargednddSOC is negative due to the long-term predictions wiattbw the battery to be discharged if is requinthen the grid cost
changed to less than the battery, it is prefereslipply the load and electrolyser and therefork jdvselected. As the PV is activated, M2 is selcand
the system operates on this mode whenever the Riérpgeneration is less than the load demand. Thmtpn mode is changed to M11 when PV power
generation is more than the load demand and tipustenergy is used to charge the battery accotditige predictive controller commands. The addilo
energy is sent to the main grid due to the bafteryer constraints. The operation mode then is akdibgy M2 when the battery is fully charged (SOC=98
%). In the afternoon, when the PV generationds tean load demand, M6 is selected, and the patipplies the difference due to the lower costpanad
to the grid. When RB>Psr+Psy then fuel cell is activated, and M5 is selected similarly for Rp>Pey +Psr+P:c then M12 is preferred as the operation
mode. At the last time interval, M1 is selectedjad cost reduced to less than that of the batiad/fuel cell.

Fig.19 presents the operation of the propeystem assuming a PV power generation profile #ithcloudy weather condition. The load demand
profile is considered similar to the previous scenahile PV generation and energy cost profilesdifferent. The selected operation modes are predge
and the mode selection process is performed mdessisimilar. The main difference is that whend@veration drops to less than load demand dueto th
shading effect, the difference is supplied by tfid mstead of the battery as the battery is preteto be used more effectively for the peak denpembd
due to the high cost of the grid energy accordintipé objective function of the predictive contfbhe effect of predictive control in the first seeio is to
make a delay in the battery charging from the be@gumof the period to the midday to use the surphesrgy of the PV locally to charge the batteryead
of the grid energy. Furthermore, the battery disgh&appens at the peak demand period when thengidy cost is the highest and it is predictetlttiea
fuel cell power is not enough to cover the demdri total energy supplied or received by each et¢risedetermined by using the power supplied or

absorbed power and the sampling tif¢equals 2 min). For example, the generated ertgydlie fuel cell is defined by
720

Erc o = Z Pec (K)T,
pe=) (13)

The energy distribution analysis of the systentlierstudied scenarios is illustrated in Fig.20a&) (b). As can be seen, in the case of a sunnprdéile,
the PVgenerates abot6 kWh energy and supplies 3.8 kWh to the loamhdat 48 % othe load energy). The rest of the load energy Ve by the
fuel cell, grid and the battery as 1.3 kWh, 1.55tk\and 1.36 kWh respectively. The battery suppéikdost 1.4 kWh and absorbed 0.45 kWh for the
presented period. Therefore, the SOC is reduced 8® % at the beginning of the period to 83 % atdéhd. The total energy loss in the system regultin
from switching and conduction losses and core dééske transformer equals 0.56 kWh. In the casta@fcloudy profile, the PV generation is reduced to
4.55 kWh and supplied about 40 % of the load dem&he difference between the PV generation antbitedemand due to the shading effects is covered
mainly by the grid. The energy loss in the systatreased slightly due to the increase of thewtliild share in supplying the load demand.

The recorded data by EMU is also used to aeatlye system operation economically. Fig.21 ilates the energy cost analysis of the system #or th

studied scenarios. The total energy cost of eaghesit is calculated by using the average of thplmgpor absorbed energy and the energy priceeat th
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Fig.19-The power profilesof the PV generation (Pey), load demand (P.p), electrolyser (Pe.), battery (Pgr), fuel cell (Prc) and thegrid (Psp) and the
battery SOC and fuel cell SOH for second scenario (a cloudy day profile).

sampling times. The total energy cost of the baff@ssuming that the battery is preferably chatmedither PV or the grid during the off-peak pespd
fuel cell and the grid are determined accordintpéoprofiles presented in Figs 18 and 19. The gnawgt of the renewable energy sources presentédsin
paper are obtained based on a simple levelizedofastergy (LCOE) using the capital cost of theteysand the estimated value of generated energy
during the guaranteed life of the system as predent[37]. For example, considering a 6.5 kW B$tam with an estimated generation of 20 kWh/day,
about 6500 kWh/year results in 162500 kWh enertgr @fuarantee time (25years). Assuming 6000 $asdbital installation cost results in about 0.03
$/kWh energy cost. However, there are other effeatiements such as operations and maintenance finahcing and discount issues, degradation and
future replacement costs which can effectively geathe final result. A more detailed analysis @fneating energy cost for each renewable sourcebean
found in [38]. Similar estimations have been useddtimate the cost of energy for the battery aetidell. In the case of grid energy, the averags of
energy in Australia provided by the energy retailar residential consumers has been taken intouatcHowever, to show the capability of the energy
management unit and cover more possible operatames) more variation steps is applied to the gret@y cost profile.

The analysis shows that customer benefits eliing energy to the grid at peak demand perindbe first and the second scenarios are about 0.38
$/day and 0.11 $/day respectively according toptiogided grid energy cost profile. About 56 % (0$38ay) and 63 % (0.47 $/day) of the load expenses
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Fig.21- Analysisof the energy cost of the system for (a) a sunny day and (b) a cloudy day PV generation profiles

in the first and the second scenarios are relatéaet fuel cell. The total energy cost of the sysfer the studied period is about 0.46 $/day infitst and
0.87 $/day in the second scenario which is muchttean the case that the load with the same poreéifepis only supplied by the grid (about 2.23 &/
considering the same load demand and energy aufiepr Therefore, the total energy cost of thestoner is reduced by 80 % for a typical sunny daly an

60 % in a cloudy day by using the proposed HRE Sesretlgy management technique.

6. Conclusion

A topology of a magnetically coupled hybriciegvable energy system has been presented in hes. jehe steady-state operation, energy management
method and hardware implementation have been stuflieule-based real-time controller was combined tpredictive dynamic programming based
optimization technique to optimally manage the gpatistribution in the micro-grid according To atlépe system features according to the current
standards of grid-connected residential systenffgrelint control techniques and hardware designeamgloyed. The proposed energy management and
the control techniques are validated through erpanmtal tests using a developed prototype. It wasvstthat the efficiency performance of the system
increased by 4 % by using the SBVS technique. €kd forward compensator reduced the low-frequeipgjes reflected on the HVDC bus by 4 % and
the current ripple of the PV port reduced by 5 % assult of using the resonant compensator. Itslias/n that the total energy cost is reduced frdi8 2
$/day in the case of using utility grid only to D53$/day (based on the assumed energy cost pjdiifassing proposed renewable energy system.
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