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Abstract: A single-stage power converter is proposed for electrdiyicaoupled distributed generation, that is capable of both
maximum power point tracking and unity power factor dispatg. Modeling for photovoltaic array (the distributed gestor) and
three-phase grid-connected inverter produce the optimomir@ parameters. The inverter’s controller uses inner auter control
loops to control parameters. The inner control loop cosvienput from the abc frame to the d, g, 0 frame to dispatch dy yuwer
factor. The outer voltage control loop tracks the maximurweropoint through the new technique, which can be used inagiat
applications at the primary control level (local controlleA comparison between produced active power from sistagre and two-
stage power converter is illustrated, showing that sistgere has higher efficincy. A comparison is conducted betweaeable and
fixed DC reference voltages in terms of their active poweldgiéor the proposed single-stage converter system. Ther pagestigates
the impact of different ambient disturbances such as vgnyieather conditions, solar radiation with severe distucka, and variable
PV cell temperature on the active and reactive power yidlds.dynamic reference voltage is proposed. Its effectsedearing variable
radiations and temperatures are verified by Matlab/Sirkidimulations.

Keywords: distributed generation, inverter, photovoltaic, micidgr

1 Introduction afflicting integration. As for grid-connected PV systems,
removing battery backup reduces costs and increases

Distributed renewable energy generation have potential irfffiCiENCy, but increases the challenge of solar radiation

advanced research that attempts their incorporation intdltermittence. The controller must have the ability to
electrical power systems. Their features include zerg®Vercome input and output power disturbances that arise
carbon dioxide emission, low running cost, low when a PV distributed source is connected to the public

maintenance cost, and high abundance; encouragingrld [2,12,32].

many governments to pass ambitious policies of up to A power conversion system is needed to transfer
20% increase or more of renewable energy resources ipower from the PV direct current (DC) to the public grid
power supply resources3f]. Photovoltaic (PV) is one alternative current (AC). Power conversion systems can
promising renewable energy option, increasingly beingbe classified into two types, depending on the number of
integrated into distribution networks. Given that nearly power processing stages: single-sta@8,9,23,30,10,
90% of all grid disturbances occur in the distribution 36], and two-stage power conversion systergig, §, 29,
networks [L7], the move towards distributed generation 14,25,4,16,15 (the latter being the most common
integration has had to focus on how to enhance gridconfiguration for electronically-coupled distributed
reliability and quality within the distribution networks generator (DG)) (see Fig.1)). Two-stage conversion
[32]. Despite the advantages of PV resources, there are saystems have two converters; one on the PV side which
few challenges that hinder their widespread exploitation.extracts maximum power from the PV, the other is a
Power source intermittence is one complex challengesynchronized inverter connected to the public-grid side,
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00 is much higher than the line frequency. PWM produces
1 DC pulses to comply with maximum power point tracking
T

o0 (MPPT), unity power factor mode, and synchronization
o0 AC with the public grid. A filter is used to remove undesired
(@) Inverter Grid frequency components and enhance the desired ones. The

PV inductors are linear and balanced. The whole conduction
o0 losses are represented by three symmetrical resistors. The

DC T DC filter output is connected to the secondary side of a step

o0 T down transformer ( 96 winding turns ratio). The
o0 bC AC transformer’s primary is connected to the high voltage
(b) Inverter Grid public grid. The measurement block at main bus (B),
PV measures the output voltage and current. The controllable
part in this system is the inverter. More details about the
inner and outer loops are presented in section 3.

Fig. 1: (a) Single-stage power-conversion system éojda two-
stage power-conversion system.

Transformer g
°

which controls the active and reactive power dispatched|® W >
In a single-stage approach, the inverter is used alone t(® L1 /ac
meet the power conversion system’s requirements. P inverter Grid
Although Single-stage conversion needs a bulky line
transformer, it offers advantages such as high conversion Fig. 2: Photovoltaic arrays connected to the public grid.
efficiency, simplified topology, low cost, and compactness
[38,20,3,10].

As a single stage DC-AC inverter is used as a power
converter in this paper, its function is to track the DC link
voltage that extracts maximum power from the PV and2 1 PV modeling
dispatches zero reactive power to the public grid. The™
proposed control technique (for voltage source inverters ) )
(VSls)) achieves fast dynamic response through an outef he solar cellis the energy producing part of the PV panel.
dc link voltage control loop and an inner current control Fi9. (3) shows an equivalent circuit for a solar c&dg[21,
loop. The current control strategy plays the main role in4l- It can be represented by a current source connected in
power flow performance. It uses the d, q reference framé®@rallel with a diode. The output currelgtis given by:
which is able to eliminate steady-state error and, through
decoupled control has a fast transient respo2$k [EEE lo=1lph—ld— Vo (1)
standards J] have been observed, applicable to all Rsh
distributed resources with aggregate capacity of 10 MVA cJe

< o0 ®

. . . is the photocurrenty is the diode voltageRqh is the
or less. The following sections of the paper are organize Io(;uivalen? shunt resis(tjance ahg is the d?o%qéhcurrent
as follows: Sectior? presents the circuit and modeling;

. , which equals:
Section 3 describes the voltage and current control; q
Section4 overviews the control layers of a microgrid,; q.Vy
Section5 presents the simulation results and discussion; lg = lrsc* ((eXpr7 kT) -1 (2)

then Sectioré concludes the paper.
Irsc is the diode reverse saturation curreqtis the
electron charge 1.6* 13° C , k is Boltzman’s constant

2 Circuit Description and modeling 1.38 * 1023 J/K , n is the diode quality factoiT is the
PV panel temperature. The output voltages given by:

Fig. (2 shows a PV energy source connected to a

three-phase public grid via a single-stage power Vo =V4 —loRs )
conversion system, namely an inverter. The inverter has . . .
two loops: an inner loop to control the reactive power and _WhereRs is the series resistance. In general, the output
maintain unity power factor, and an outer loop to control CUTentlo of the solar cellis:

reference DC voltage so as to remain at a voltage that

extracts maximum power from the PV. The inverter lo=Ipnh—lisc* ((€Xp
switching technique is pulse width modulation

(PWM),the switches operate at constant frequency which

(Vo + 16Rs)
Rsh

g-(Mo+10Rs)

nkT )

)= -
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> —\\\— a solar cell exposed at 800 W#rof solar radiation, 20C

of ambient temperature, and a wind speed of 1 m/s. As
these conditions may vary depending on the climate zone
nature, the paper3[/] proposed a new condition called
4 Va Rsp tropical field operation cell temperature (tFOCT) suitable
v, for tropical zones like Malaysia. The results show that the
suitable weather conditions for measuring the tFOCT are
886 W/n? of solar radiation, 34C of ambient
temperature, and a wind speed of 3.2 m/s, Concluding
that the recommended tFOCT value is SZ5Therefore
the T, can be obtained by below equation:

tFOCT — 34°C)

(
T=T.
, , o= Tat G —gaan/me
Rs is usually low andRg, high; so they can be .
neglected. Equatior] can be simplified to: where Tc and T, are the cell and the ambient
temperatures respectively, G is the instant solar radgiatio

I Vo . 5 Thg gxperimental tests 'for the'PV panels reveal that
0= Iph—lrsc* ((expn'k._l_) ) (5) the efficiency decreases with tAg increases. Fromlj
. o and @) the output current, increases slightly with the
During open circuit, the output currelfequals zero. o haratyre, while temperature affects various other
Furthermore, the shunt resistance is considered to be Ve« i 6) net effect of temperature is that it decreases
large, so the open-circuibc from (5) is: Voc linearly. The drop inVyc with temperature is mainly
Loh related to the increase in the diode reverse saturation
)In(l +1) (6) currentlrsc which strongly depends on the temperature.
Irsc The common rule forl;sc and T relation is thatlsc
During short circuit, the output voltagé equals zero  doubles for every I rise in Te [8]. Therefore, the

andlysc can be neglected so the output short-circuit Currenlrelation between diode saturation current and temperature
lsc from (4) is: can be expressed by th&2}

Fig. 3: Photovoltaic cell equivalent circuit.

(11)

Tk
Voo = (X

lsc= R (7) (TC—298°)
< L ==
(1+ R_) lrsc= |rsc,STC>f< 2 10 (12)
sh

where lscsTc is the diode saturation current at the

The output power equation is: standard test condition.

P=Volo =Vo(lpn— lg — ) ®
o " 2.3 VSI modeling
The solar radiatioh is:
The three-phase VSI connected to a grid is shown in Fig.
| =@+E (9 (4. To achieve VSI modeling, the assumption of

symmetrical and sinusoidal three phase voltage is adopted
where is the photon flux, which represents the numbera)é shown in13): P g P

of photons per unit time per unit arda.is photon energy,
obtainable from: h Va = Vimcogwt)
E— TC (10) Vb = Vincoswt — %n) (13)
Ve = VmCog Wt + £71)

wherehis Planck’s constant 6.626*16%.s , cis the light Where \ is the peak value of the voltage, so the VS|
speed in a vacuum 3*£an/s .A the wavelength. model in the abc frame is: '

ea =L L i;R+Va+ Van
2.2 Nominal operating cell temperature &= Lﬁ +ipR+ Vp -+ VN (14)
(Malaysia) & =L +icR+Ve+ Van

_ ~9Vc | .
lpv = C=5t¢ +linv
The cell temperaturel{) plays the main role in assessing , ) )
the efficiency of a solar cell. The value & is calculated R and C are the resistor and capacitors respectively
based on ambient temperature and solar radiation valueghown in Fig. 4), from (14)
as well as the nominal operating cell temperature 1
(NOCT). NOCT is defined as the temperature element in VaN = §(ea+eo+ &) (15)
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Ipt e g ~ where:
ig is d axis grid currents;
—I iq is g axis grid currents;
v Vq is d axis grid voltages;

YV —NVW-le Vq is g axis grid voltages;

e )

— — T —AWLe dy is d axis duty ratios;
°b AT —wWse dq is g axis duty ratios;
6 S 17
—| —| —| 3 System controllers
€c

3.1 Outer loop controller

Fig. 4: Three-phase voltage source inverter.

Model (20) shows the third equation representing voltage
control. At unity power factorig=0), this equation can be
The inverter's switching functiord;;(k = 1,3,5) is  simplified to:

defined as
dVdC

« J1, if Scisonand .1 is of f C— =lpy—igdy (1)
d = {O, if Scisoffand {,1is on} (16) a

The voltage values per phase are calculated based on
switch position at that period from the Equ below:

di +dj+d
_VnN:Vdc(dI_w) (17) ‘
3 Ipv —lgdg
Therefore, the model can be written as in Equatis) ( V; s
C
Ldla — _j,R—va+ (df - :ﬁ}s*js Wae 0
[ +di+
LG = —ibR— Vo + (d5 - Ve 18)
L% d: _|aR Vc+ (d5 1+ 3+ )VdC
Ve *
Cate = lpv—(diia+d3 'b+d ic) Fig. 5: Voltage loop control.

For PWM inputs Equ. 18) can be separated into
high-frequency and low-frequency components following
Fourier analysis. The low-frequency component is the
same as Equl@), with the switching functionsl* being
replaced by continuous duty ratiod;(k = 1,3,5),
containinge [0, 1] is considered further ir3p]

The errore = Vj, — V4 passes through a Pl-type
regulator as depicted in Figs)to regulate the dc voltage
to a fixed value. The controller used to balance the power
between the DC-link and the public grid as well as to
determine the amount of current injected into or absorbed
by the public grid §].In Figs. 6) and @), the voltage loop

cogwt) cogwt — 2%71) cogwt + 2%71) is an outer loop whereas the current loop is an inner loop.
Tabc % sin(wt) sm(vvt —£m) sinwt+4m) | (19)  The internal loop can be designed to achieve a short
% ? % settling time and fast error correction. Thus, the outer and

inner loops can be considered decoupled and can be

The model described by EqU§) are time varying linearized. The closed-loop transfer function of the dc
and nonlinear. Control can be facilitated by transformingyoltage regulation, obtained from Fig5)( can be

the model into a synchronous orthogonal frame rotating atexpressed in the following form:
the utility angular frequencyw. The positive-sequence

components at the fundamental frequency become Vae(s) K g +S
constant and the resultant time-varying transformation is ‘ff P Vkp ” (22)
given by Equ 19). From Egs 18) and (L9 an expression Vics)  C @y Zs+Y

in dg frame for the whole dynamic model is:
d Y The damping ratio i€ = (kyp)/2C\/kyi/C, andwg, =
kvi/C. Thus the voltage regulator parameters are:

T o i‘d Ig -£ 0 0] [vg
Sal=]-w-BE |ig|+|0-£0||v%| (20) kvp = 2{Cawny (23)
dvge _ U _é 0 |Vde 0 0 & [l kVi:c“‘ﬁv
Tdt C T ¢
(@© 2016 NSP
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3.2 Inner loop controller 4 Control layers in the Microgrid

Model expressed by 20) shows that there is a The microgrid control system has to ensure that all the
cross-coupling between the d and g components, whicltontrol functions are accomplished (e.g., supply of
affects the dynamic performance of the regulat®i][ electrical and/or thermal energy, continuous feeding of

Therefore, for better performance, decoupling the twocritical loads, energy-market participation,
axes is necessary, which can be accomplished byuto-reconnection after failure, etc.). The control
feedforward decoupling control method. Assuming: objectives can be achieved through either centralized or
. decentralized control, and through three control layers as
Vrd = —Vd + dgVac + wliq (24) shown in Fig. 7). Some R6,11] call the supervisory
Viq = — Vg + dqVac + wlig control architecture a multi-agent controller. The cohtro

] ) levels are 9,26,22,7,33,18,19:
Then from the model given b(), the system expressions

become —Distribution Network Operator (DNO) and Market
) Operator (MO);
Ba — _Rig+ vy —Microgrid Central Controller (MGCC); and
dg _  R; , 1 25 —Local Controller (LC); which can be either a Source
T Clat+ TV (25) -
dvge ‘i'pv Vgt Vg \7q+vrq. Controller or a Micro Load Controller.
gt — C T CVg 'dT Cvg la

DNO is necessary where there is more than one
microgrid in the distribution system. Also, for the market
environment of a specific area, one MO or more is
responsible for market management of the microgrid.
th DNO and MO are part of the main grid; they do not

Model (25 eliminates the cross-coupling variables.
Therefore, the currentsy and iq can be controlled
independently by acting upon input¥y and Vg,
respectively. Moreover, by using a Pl-type compensation 0
zero steady-state error and a fast dynamic response can tE X . X
achieved. The current regulator diagram is shown in Fig. eI.ong'to the mprognd. The second level is the MGCC’

hich is the main integrator of the DG clusters in a

Eﬁ)e 'Il'ifrl]z s?rrgé)tljlgr?c?/n(ijsh%ﬂgﬁl?gsc;ar:ht; ntehgéec;tviﬂéﬁm;gr;icrogrid. It is responsible in stabilizing the voltage and

frequency. In Fig. §), kp and k; are respectively the frequency at the point of common coupling (PCC), and

proportional and integral parameteirsand i respectively responsible for the active and reactive powers dispatched

are the reference current signal and feedback current. Thféom each DG. 1.34 . The LCs are the lower Iayer. of
control (sometimes called peer to pe26]). As shown in

figure is suitable for both thg andiq loops. From the .
figure, the closed-loop transfer function of the dq currentthIS paper, LCs control the DER.S and some O.f the local
loads, and seek to balance active and reactive powers.

loops is: They have a certain intelligence level, thus can make
, . _ ki g decisions locally in a decentralized operation model
!q(s) = !d(s) = Kp kT2 (26)  (whereas in a centralized model they receive set points
i5(s) g9 L gileRgilk from the MGCC) p2,24). Fig. (7) shows the DNO,

MGCC, and LC control layers.
The damping ratio i = (ki + R)/2L+/kii /L, and
wﬁi = ki /L. Thus the current control parameters are:
5 Simulations: Results and Discussions

kip = 2{ ahiL — R
ki = '—wﬁi

(27)
The outer voltage control loop regulates the DC link
voltage to extract maximum power from the PV (Fig))(
DC-measured voltageV{cmed, DC-measured current
(Igemed are the inputs of the MPPT, which continuously
compares the present and past values of power, voltage,
and current, then appropriately increases or decreases the

1L reference voltageMes). Proportional and integral (PI)
m Controllers_ are used, producing the outpyter, which
feeds the inner loop controller input.

Fig. (9) shows the inner loop controller function using
Matlab/Simulink, which controls the reactive power
dispatched to the utility, in this study e is set to zero to
maintain unity power factorVapeg and lapeg are the
Fig. 6: Current loop control with constant irradiation. three-phase voltage and current measured at bus bar B
(Fig (2)). The phase locked loop (PLL) block converts
them from the three-phase reference frame to dqO

(@© 2016 NSP
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e - ! Id,re Vd Vqu Vd
o] : ' lgrer Reactive Power
Local Main
| controIJ|'> DER %g /\/ Grid Regulator
1 |
! Local ! Fig. 9: Reactive power regulator (inner loop).
—:'> control-:-) DER E| Nonlinear load
: Local : 1.02 ;
> 1| DER linear load :
control T /\
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Fig. 7: General architecture of hierarchical microgrid control
system.

o
(o]
Q
P
—~—— |

RMS Reference Voltage (p.u)

Vacmes L Conlz’loner Id,re 0'970 1 2Time (s)3 4 5
v Fig. 10: The voltage reference value.
MPPT
I Vref
Parameters of PV module used in this paper are cited in
Fig. 8: DC voltage regulator. Table Q).

reference frame. The values are then used by the reactive Table 1: The solar radiation on the PV panel

power regulator to give théd,V qthat operate the system Radiation W/ Time (s)
in a unity power factor mode. These signals are used by “From To
the PWM generator to produce the desired switch pulses.

The control systems use a sample time of 180in the 1000 0 2
voltage and current controllers and also the PLL ;88 i ‘51

synchronization unit. However, the sampling time for the
power system is shorter; taking f0s to make the
simulation run faster. The value &f s comes from the
outer loop.

The system runs for 5 s in all the cases to follow. The
radiation was changed during this time as shown in Tabléb.1 Proposed voltage reference value
(2). SunPower SPR-305-WHT PV panels were used. The
number of series-connected modules per string is 5, whilé.1.1 Variable radiation
the number of parallel strings is 66. At 1000 W/rhe
panels provide 100 kW , with the open circuit voltage This study proposes a variable voltage referenggs)
(Moc), short circuit current(lsc), voltage at maximum instead of being fixed as in past studi&§]| the reference
power (Vimp), and current at maximum powéli,p) being  voltage value changes as in FiglOf. This technique
64.2 V, 596 A, 547V, and 5.58 A , respectively. increases the active power extracted from system, as Fig.

(@© 2016 NSP
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1.1
==-Power at variable reference voltfige
— Power at fixed reference voltage]
1
-
1.00 2
_’0' 147
=3
e [e]
$0.8 09957 1 15 2 oo rossensarnd
g 7
[3) o
%0.7 o4 -8 is F
2
0.47
0.
0.4
0.5 2.5 3 T 3.5 4
O'ZIb 0.5 1 1.5 2 2.5 | 3 3.5 4 4.5 5
Time (s

Fig. 11: Active power dispatched to the public grid, with variable dixed voltage references.

1.01 .
---Power at variable Vref
— Power at fixed Vref
1 \
0.9
-
=3
$0.98 e N
= \
&
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t" .
< \\\\ a’J--
0.9 ™ e, .7’
~, -
“\ /_,-t"'/
0.95
099 1 2 3 6 7 8 9 10

Tim‘:é (s

Fig. 12: Active power dispatched to the public grid with variable fe@rature

Table 2: Electrical specifications of the SunPower PV panels proposed technique) dispatches higher power than the

Parameter Value
Number of cells in series 96
Maximum power (Pmp) [W] 305.2
Maximum power voltage (Vmp) [V] 54.7
Maximum power current (Imp) [A] 5.58
Open circuit voltage (Voc) [V] 64.2
Short circuit current (Isc) [A] 5.96
Series resistance of PV model (Rs) [ohms] 3.80e-02
Parallel resistance of PV model (Rsh) [ohms]  9.94e+02
Diode reverse saturation current (Irsc) [A] 3.19e-08
Light-generated photo-current (Iph) [A] 5.96
Diode quality factor of PV modelr) 1.3

fixed reference (blue continuous) at all solar radiance
levels. The correlation between Fig&0J, (11) show that

the reference voltage decreased when the radiation
dropped aiming to increase the extracted active power at
the certain radiation level.

5.1.2 Variable temperature

Fig (12 shows the active power dispatched to the public
grid during variable temperature. The cell temperature
(Te) increased from 25C to 65°C during the first 8
seconds then it decreased gradually. Although, the active
power decrease with increasing of tfig the proposed
technique (dashed black line) achieves higher dispatching

(12) illustrates; the black dashed line (which is the active power at steady state compared the continuous blue

(@© 2016 NSP
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1.05 1.1 -
--One stage power conversipn
21.0 1 —Two stage power conversipn
()
g1.01—f e 20. N
s / "-\.\_\_\_\_ \5
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=
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Fig. 13: Reference voltage during variable temperature Fig. 14: The active power in single-stage and two-stage power
conversion systems.

(8]

line (which uses fixed dc voltage reference). FIg)(
illustrates the voltage reference changes with the vagiabl -
temperature. The correlation between FidR)(Fig (12
show that the reference voltage decreased when th=
temperature increase aiming to increase the extracteS
active power at the certain temperature level. Co. 1 2 @ 3 4 5
Time (s)

) Variable
Radiation ©
(@)
—
)

'
o

N\

(@)
>

5.2 Power flow at single and two stages power
conversion

Q (p.u) Variabl
& Temperatures

=)
N

4 0 6 8 1

As active power flows from the PV to the utility, losses Time (s)

occur in the conversion system. This paper proposes %ig. 15: The reactive power dispatched from the PV system to

single-stage power conversion system, whose efficiency igye grig, (1) with variable solar radiation, (2) with variateell
higher than the two stage power conversion systeMemperature.

studied in [L3]. Fig. (14) shows the active power exported

to the grid with single-stage (dashed line) and two stages

(continuous line). The base active power is 100 kW. The

power extracted from single-stage is higher for the three5.4 Voltage and Current

solar radiation levels as the Fid.4) shows, revealing that

the efficiency with single-stage power conversion is Figs. (L6) and (L7) show the line-to-ground RMS voltage

higher. and current at the PCC. The voltage and the current basis
are 14433 V and 3.35 A, respectively. The RMS voltage
is constant around 1.4 kV. FiglQ) shows the current
imported to the grid, which is directly proportional to the

5.3 Reactive power active power provided by the PV source. Current reaches
to the minimum between 2 s to 4 s due to the drop of solar
radiation during that period. Fig.18) shows the

As in some previous works4], the system dispatches sinusoidal voltage and current at the PCC, illustrating tha

unity power factor, and the reactive power injected intoboth have low distortion and the phase shift is almost

the grid is set to zero. Figlp) shows the reactive power zero, that is unity power factor.

dispatched to the public grid during (1) variable solar

radiation, and (2) variable temperature. The reactive

power disrupts at 2 s and 4 s when the solar radiatior6 Conclusion

changes, but the controller overcomes the disturbance and

returns the reactive power back to zero. The base reactivin this paper a single-stage power conversion system was

power is 100 kVAr. studied. An inverter is the only power conversion
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