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Power Quality Assessment of Voltage Positive
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Abstract—TIslanding refers to a condition where distributed
generators (DGs) inject power solely to the local load after elec-
trical separation from power grid. Several islanding detection
methods (IDMs) categorized into remote, active, and passive
groups have been reported to detect this undesirable state. In
active techniques, a disturbance is injected into the DG’ s con-
troller to drift a local yardstick out of the permissible range. Al-
though this disturbance leads to more effective detections even
in well-balanced island, it raises the total harmonic distortion
(THD) of the output current under the normal operation condi-
tions. This paper analyzes the power quality aspect of the modi-
fied sliding mode controller as a new active IDM for grid-con-
nected photovoltaic system (GCPVS) with a string inverter. Its
performance is compared with the voltage positive feedback
(VPF) method, a well-known active IDM. This evaluation is car-
ried out for a 1 kWp GCPVS in MATLAB/Simulink platform
by measuring the output current harmonics and THD as well
as the efficiency under various penetration and disturbance lev-
els. The output results demonstrate that since the proposed dis-
turbance changes the amplitude of the output current, it does
not generate harmonics/subharmonics. Thereby, it has a negligi-
ble adverse effect on power quality. It is finally concluded that
the performance of the sliding mode-based IDM is reliable
from the standpoints of islanding detection and power quality.

Index Terms—Islanding detection method (IDM), power quali-
ty, sliding mode controller, total harmonic distortion (THD),
voltage positive feedback (VPF).

1. INTRODUCTION

THE penetration of renewable energy technologies in-
creases substantially in distributed networks. In this re-
gard, more than 80 GWp of the grid-connected photovoltaic
systems (GCPVSs) have been installed worldwide in 2017,
which represents a 30% growth compared to that in 2015
[1]. Although these inverter-based resources provide clean
and noise-free energy to the network, they deteriorate the
power quality of the available energy through the injection
of current harmonics. The electrical network is susceptible to
these harmonics, leading to unbalanced line voltages, varia-
tions in the voltage levels and line impedances. With respect
to the considerable penetration of GCPVSs in distribution
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networks, the inverter’s current control loop, which is re-
sponsible for DC to AC power conversion, is one of the ma-
jor sources of harmonics. While this power quality degrada-
tion is negligible concerning the new switching patterns [2]-
[4], active islanding detection methods (IDMs) are recently
known as a new source of current harmonics [5].

Islanding is a condition in which a part of the utility in-
cluding distributed generator (DG) is separated from the net-
work, while it continues to inject power solely into the local
load. This state has to be identified effectively to assure the
safety of repair crew and prevent the failure of sensitive
equipment [5]. Several IDMs categorized into remote and lo-
cal groups have been reported in this regard [6]-[25]. Re-
mote techniques exploit a telecommunication between DGs
and upstream substation. The interconnection of DGs to the
electrical network is continuously monitored through the
broadcast signal and therefore, islanding can be classified in
non-receiving signal circumstances [6]-[8].

As shown in Fig. 1, the measurement of the local parame-
ters in the point of common coupling (PCC) is the basis of
local techniques, including passive and active methods.
When the islanding occurs, the active and reactive powers in-
jected to or received from the public grid are stopped. Con-
sequently, the voltage and frequency of PCC are confronted
with sudden changes. These deviations or a well-defined lo-
cal yardstick can be detected by passive schemes [9]-[15]. In
order to reduce the none-detection zone (NDZ), i.e., the
states where IDM fails to detect islanding, active algorithms
are proposed [16]-[25]. In these techniques, an ongoing in-
tentional disturbance is injected to the DG’s controller to ac-
celerate the deviation of PCC parameters in islanding events.
Active frequency drift (AFD) [16], [17], impedance measure-
ment (IM) [18]-[20], voltage positive feedback (VPF) [21]-
[24], and modified sliding mode controller [25] are some ex-
amples of active schemes. Although the applied disturbance
reduces the NDZ efficiently, it decreases the power quality
of the output current as well. Among all power quality prob-
lems, harmonic distortion is the major concern which is
quantified by total harmonic distortion (THD). The permissi-
ble ranges of the local electrical quantities are defined in
IEEE Standard 1547-2008 [26] and IEC Standard 61727-
2002 [27] as tabulated in Tables I and II. By this means, the
inserted disturbance should be restricted to an upper limit to
satisfy the power quality requirements. It is noted that in Ta-
ble II, the even harmonics should be less than 25% of the
odd harmonics.
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Fig. 1. Interconnection of DG and local load to electric network.

TABLE I
SUMMARY OF STANDARDS CORRESPONDING TO INTERCONNECTION OF
GCPVS TO GRID

Standard Nominal Maximum Voltage Frequency
power (kW)  THD, (%)  range (%)  range (Hz)
IEEE Standard
1547-2008 10 5 88-110 59.3-60.5
IEC Standard
61727-2002 30 5 88-110 49.0-51.0
TABLE II

DISTORTION LIMITS

Odd harmonic number (/) Distortion limit (%)

3-9 4.0
11-15 2.0
17-21 1.5
23-33 0.6
>33 0.3

The power quality analysis of DG output power owning
to the applied active IDMs has been carried out in [16]-[25],
[28], [29]. Reference [16] has claimed that the ratio of the
injected reactive power disturbance (AQ) to the active power
output (Pp;) in AFD must be kept within the range of
[-0.95%, 4.11%] to satisfy the standard requirements for a
sample GCPVS. Reference [17] has developed a classic
AFD technique to improve the current THD (THD,) of a 300
Wp PV system supplying a local load. It has been remarked
that the same NDZ can be attained with 30% THD, reduc-
tion in comparison with simple AFD. A high-frequency sig-
nal injection has been presented in [18] to classify the island-
ed operation mode through a high-frequency IM. They rec-
ommend one inverter disturbance injection in multi DGs con-
nection case to keep power quality in a tolerable interval.
Otherwise, THD, would be unacceptable in some multiple
DGs scenarios. Reference [28] has studied the power quality
assessment of ten string inverters, connected to the Brazilian
power grid. The power analyzer has been employed to mea-
sure THD, and voltage THD (THD,) as well as power factor
with a few loadings. The analysis of measured data demon-
strates the compliance of the output energy with the quality
requirements under a wide range of operation conditions, es-
pecially in high penetration levels. However, high THD, and
THD, as well as low power factor have been observed at
low power generations [28]. The effect of IM and AFD tech-
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niques on the power quality of a single-phase 1.5 kWp PV
system has been assessed in [29]. It was argued that while
THD, rises from 0.7% to 13% in the presence of IM distur-
bance, its average remains acceptable (3.7%). Moreover,
when the GCPVS generates low power, THD, elevates. This
occurs since the fundamental harmonic of the reference cur-
rent is decreased while the disturbance size remains fixed.
The power quality is not thereby satisfied in the states where
GCPVS output power is less than 41.3% of its nominal val-
ue. Simulations have been developed for AFD with positive
feedback (AFDPF) scheme. THD, surpasses standard limit
when the output power becomes less than 400 W (26.66%
of nominal power) [29].

It can be concluded from the literature that the rate of
THD, ascent depends on the level of GCPVS output power.
The current control loop is also known as the primary
source of harmonics because of the disturbance injection in
the frequency or angle of output current.

This paper investigates the effect of modified sliding
mode controller as a new VPF-based active IDM on the out-
put power quality of GCPVS. Since the disturbance is in-
volved into the inverter’s voltage control loop, the proposed
algorithm will only change the output current amplitude rath-
er than the frequency or angle. Consequently, its effect on
the power quality of the distribution network is hardly no-
ticeable as the same of the conventional VPF.

The rest of the paper is organized as follows. The modi-
fied sliding mode controller is introduced in Section II. In
Section III, the sample of 1 kWp GCPVS case study in
MATLAB/Simulink platform, including PV array and single-
phase string inverter with bipolar pulse width modulation
(PWM) is elaborated. Section III also presents the evaluation
of the modified sliding mode controller in a few islanding
scenarios and a systematic approach to define the margins of
the disturbance gain. The effects of the provided disturbance
on harmonics, THD,, and efficiency as well as a comparative
assessment with the classic VPF are presented in Section IV.
The conclusion remarks are finally discussed in Section V.

II. DESCRIPTION OF MODIFIED SLIDING MODE CONTROLLER

VPF is an active IDM which tries to unstabilize PCC volt-
age after the occurrence of islanding. This aim is achieved
through a VPF injection to the inverter’s d-axis reference
current which tunes the active power output. When the PCC
voltage rises after islanding, it increases the reference cur-
rent, the active power output, and consequently the PCC
voltage. This voltage keeps growing in magnitude until it ex-
ceeds the over-voltage relay setting (1.1 p.u.). In the case of
PCC voltage drop, the output power and voltage are dimin-
ished until the under-voltage (UV) relay setting (0.88 p.u.) is
exceeded [21]-[24].

The VPF concept is employed in the sliding mode control-
ler to represent a new active IDM [30]. In Fig. 2(a), keeping
the PV current (/) and voltage (V},) curve in mind, the lo-
cus of maximum power point (MPP) current (/,,,) in the
term of MPP voltage (V,,,;) can be estimated by a linear
equation:

SUpys Viy)=1py =0V +ref 1
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where b should be determined using the least square error
method and some pairs of V,,,, and [, in several irradiance
levels; and ref is an adaptive parameter that determines MPP
in any climate condition. This factor should be defined in
the inverter’s voltage control loop using conventional MPP
tracking (MPPT) techniques such as perturb and observe
(P&O). In the sliding mode controller, the value of the
switching surface parameter S(/,,,V,,) determines the boost
converter operation condition. When S (/,,,V;,) > 0, the con-
verter switch is opened and inductor will be discharged. This
increases the PV array voltage and reduces its current. On
the contrary, the converter switch closes in S (/,,V,,) <0
state, the inductor will be charged, the PV current is incread-
ed, and the voltage is decreased. Therefore, the operation
point would be regulated in such a way that the GCPVS op-
erates around S(/,,,V,,) =0, i.e., MPP [30]. The sliding
mode controller schematic diagram for GCPVS with string
inverter is illustrated in Fig. 2(b), where ref,, represents the
feedback effect on ref specified by P&O.

10 1000 W/m? Iy-1.42917,+160.0146=0
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Fig. 2. Sliding mode MPPT technique. (a) Characteristics locus of V,, and
I,,. (b) Schematic diagram.

Updating refpz

In simple words, the basic idea of the proposed IDM is to
insert a PCC voltage feedback in ref of the sliding mode
controller as follows:

SUpys Viey)=1py = bV py +1¢f pg _KH/’A Vece 2)

where K, controls the disturbance size; and AV,.. is the
PCC voltage deviation. When the grid is lost, the active pow-
er mismatch leads to a V.. variation and the applied feed-
back drifts ref away from its MPP setting. The output power
is thereby reduced and will cause a voltage drop (AVpq < 0)
regarding the following equation:

_ VPZCC

P.o.=
DG R

3)
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where R is the resistive part of the local load at PCC mod-
eled by IEEE Standard 929-2000 [31]. For the second inter-
val, the applied disturbance pushes ref more away from
MPP. This reduces P,, more, which results in a further V..
drop. This procedure continues until PCC voltage becomes
less than 0.88 p.u. for stimulating the UV relay. In this
scheme, an effective islanding classification can be achieved
regarding the fast response of the sliding-mode controller in
the current control loop of inverter (boost frequency, in the
range of 100 kHz). The trajectory of ref during MPPT in
grid-connected (between two isolation levels) and islanding
incidents are shown in Fig. 3(a) and (b), respectively. In Fig.
3, Vye and Iy represent the open-circuit voltage and the
short-circuit current, respectively.
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Radiation
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< mpp
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New Ve
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(b)

Fig. 3. Trajectory of PV array operation point in proposed method.
(a) Normal operation between two irradiance levels. (b) Islanding condition.

Since the proposed disturbance is applied to the voltage
control loop of inverter (MPPT) rather than the current con-
troller, it disturbs the output current amplitude of a linear
load, but not the frequency or angle. Hence, it does not gen-
erate harmonics or subharmonics, and is expected to have
near-zero influence on the power quality of the distribution
network.

III. ISLANDING DETECTION OF MODIFIED SLIDING-MODE
CONTROLLER

This section contains the introduction of the case study
system and justification of the modified sliding-mode con-
troller under a few islanding scenarios. The selection criteria
of the disturbance gain are detailed as well.

A. Sample System Description
The schematic of the sample system with the application
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of the proposed method is shown in Fig. 4. PV array includ-
ing four 250 W QPRO-G2 has been connected to the single-
phase 1 kWp inverter. The parameters of this module in stan-
dard test condition (STC), i.e., 1000 W/m? radiation and 25
°C cell temperature, can be found in Table III [32]. This PV
module has been simulated by single-diode model which pre-
cisely represents the module’s characteristics at various uni-
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form and non-uniform insolation levels [33]. The parameters
of the current and voltage controllers of 1 kWp string invert-
er are tabulated in Table IV as well. It is worth mentioning
that b and refpe, are 1.43 and 160.01, respectively. These set-
tings are defined by applying some pairs of (V,pp, [pp) at
several insolation levels.

String
array

N4 . String inverter
> o

i C,'n p— #if <v‘ Rnut U Cout - :'7 :
?% Mo . Transformer !
| 11 §
{l; : Modified sliding | ;
1 mode controller :
| 0 ! [ — i

‘ Local load

Fig. 4. Schematic of case study system under evaluation.

TABLE III
DATA OF QPRO-G2 250

Parameter Value

Maximum power (P, ) 250 W

Short-circuit current (/g 8.94 A

Open-circuit voltage (V) 3778 V

Maximum power point current (/) 8.45 A

Maximum power point voltage (V,,,p) 29.89 V
Temperature coefficient of /g 3.57 mA-°C"!

Temperature coefficient of V. —-124.67 mV-°C"!

Temperature coefticient of P,,,, -1.075 W-°C™!

TABLE IV
STRING INVERTER AND TRANSFORMER PARAMETERS

The local load is modeled as an RLC circuit with around
50 Hz resonant frequency and 2.5 quality factor O, to meet
the islanding standard requirements (Table V) [31]. This
load and GCPVS are finally integrated to the 230 V, 50 Hz
single-phase network at PCC.

TABLE V
ELECTRICAL NETWORK AND LOCAL LOAD PARAMETERS

Component Parameter Value
Grid L, 100 uH
R, 0.012 Q
R, 5398 Q
L, 68.76 mH
Local load C 147.99 pF
o 2.5
Resonant frequency 49.98 Hz

Component Parameter Value
C, 100 pF
L, 2 mH
Cu 100 pF
R, 70 Q
Boost converter
Switching frequency 100 kHz
P&O frequency 40 Hz
DC link voltage 120 vV
Output voltage 250 V
k, 0.5
k, 12
ke 5000
String inverter L, 5 mH
R, 0.150Q
PWM frequency 10 kHz
Power factor 1.0
Input voltage 70V
Transformer Output voltage 230 V
Short-circuit impedance 0.04 p.u.

Moreover, the only setting of the proposed IDM is K. Al-
though the selection criteria of this parameter is described
later, it is assumed to be 2.17 in the presented analysis.

It is worth mentioning that in Table IV, the input capaci-
tance and inductance of the boost converter are denoted by
C, and L,, while C,, and R, represent the output capaci-
tance and resistance, respectively. Furthermore, &, k, and £,
are the integral, proportional, and resonant gains of the in-
verter’s current controller, respectively. They are implement-
ed in the af reference frame. The filter, grid, and load set-
tings are also denoted by f, g, and [, respectively. All these
parameters are shown in Fig. 4.

out

B. Islanding Evaluation

The modified sliding mode controller should lessen active
power output, and consequently PCC voltage to reach the
minimum standard setting (0.88 p.u.) for islanding classifica-
tion. The islanding has been simulated for the case study sys-
tem through opening the circuit breaker aside PCC in Fig. 4
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at t = 1. 05 s. As mentioned above, the local load has been
set to consume all generated power at STC with O, = 2.5 as
a worst case study and compliance with IEEE Standard 929-
2000 [31].

The results including active power and PCC voltage have
been illustrated in Fig. 5. In Fig. 5(a), P, and P, represent
the active power of load and grid, respectively. The provided
outputs reveal the successful push of V,.. to the lower
bound and precise islanding detection in less than 700 ms.

1200

1000 —*
800+
600
400}

Active power (W)

200

1.0 1.2 1.4 1.6 1.8 2.0
Time (s)
(2

1.02¢
1.00
0.98
0.96 f
0.94
092+
0.90

UV relay setting
0.88 C

PCC voltage (p.u.)

0.86 A : : : '
1.0 1.2 1.4 1.6 1.8 2.0

Time (s)
(b)
Fig. 5. Performance of proposed IDM in the worst case study. (a) Active
power. (b) PCC voltage.

After islanding, the PCC voltage of the isolated region
can be changed from its pre-islanding setting (V) to a new
level after separation (V,,) as in (4):

V.= LS
po
AP

1_7
PDG

“)

The post-islanding voltage depends on the active power
mismatch between P,; and P, or the level of DG active pow-
er variation through activating the embedded disturbance
named as active power disturbance (AP) [12]. While the rela-
tive active power mismatch/disturbance (AP/P,;) locates in-
side the range [-29.13%, 17.35%] with V, =1 p.u, V,
would be inside the standard limits, i.e., 0.88 to 1.10 p.u.,
and islanding cannot been identified by conventional voltage
relays. The study has been accordingly developed to various
relative active power mismatches inside the voltage relays’
blind zone and the voltage waveforms are depicted in Fig. 6.
It is readily observed that the embedded disturbance success-
fully reduces PCC voltage to the minimum margin in all sce-
narios, and islanding is identified by UV relay. The provided
outcomes endorse accurate islanding classification of the
modified sliding-mode controller in various case studies
within 700 ms.

0% active power mismatch
—— —5% active power mismatch

—— —~10% active power mismatch

5 1.05f —— +5% active power mismatch
s — +10% active power mismatch
g, 1.00
8
2 095}
s
S 090} W}

0.85 : : : :

1.0 1.2 1.4 1.6 1.8 2.0
Time (s)

Fig. 6. PCC voltage under several active power mismatches.

C. Selection Criteria of Disturbance Size

The selection criteria of K, as the proposed disturbance
gain is mandatory. The lower and upper bounds of this set-
ting should be determined to assure the system stability in
grid-connected mode and zero NDZ, respectively.

1) System stability

Disturbance gain should be limited to an upper edge to
avoid unacceptable active power output reduction of the in-
verter under probable PCC voltage fluctuations that occur
several times a day in the power system. A small signal anal-
ysis should be done to this end. By employing the modified
sliding mode controller and neglecting the DC losses, the ref-
erence active power of the inverter in the voltage control
loop P, can be expressed as follows:

Pref: V oy (] oy (k)=
Vior ((-)SUpys Vi )+ bV oy —re€f 10 +Kp/A Veee) 6)

The expressions of small signal analysis of (2) and (5)
can be deduced as follows:

AS=Alpy —bAV py =K, AV o (6)
AP, =APpy =V Al py + 15, AVp, ™

where A is used to represent the small variation of current,
voltage, and power around their steady-state sets. Since the
variation of refp,, is near zero, the corresponding expression
has been neglected in (7). When V,.. decreases, the right-
hand side term of (7) is positive and the GCPVS moves to-
ward the short-circuit point. Therefore, Al,, equals to the
subtraction of the MPP current from /. Since in both
steady and transient states, the switching surface signal is ze-
ro, i.e., § = 0 and AS = 0, the final equation can be extract-
ed:

LK, AV e ®)
b

This expression is deduced by supposing that Al,, is pro-
portionally smaller in comparison with other terms. Equation
(8) can be used to calculate the reference active power varia-
tion with a given PCC voltage change by approaching the
time reference in the positive neighborhood of zero
(At — 07). This reference power is equal to P,; by neglect-
ing the losses of the DC/AC conversion process.

The mentioned analysis cannot be applied in the case of
AVyee >0 since —K, AV, would be negative and the
GCPVS moves toward the open-circuit point. The final lev-

AP/‘e/ = VPVAIPV_
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els of /., and Al,, would be unknown in this situation, and
ultimately, the first term in (8) could not be defined.

This expression, however, can be employed to determine
the upper bound for a maximum acceptable P, reduction
and a given step voltage size for AV,.. < 0. For instance, by
assuming 0.03 p.u. and 10% as the PCC voltage variation
and maximum permissible fluctuations for P, respectively,
the computational results (only for AV,. <0 case) as well
as the simulation outcomes are provided in Table VI. Based
on these findings, K, should be restricted to 3.04 to assure
at most 10% P,,; drop with 3% V.. change.

TABLE VI
P, REDUCTION IN RESPONSE TO A 3% V,.. CHANGE

Voltage fall (%) Voltage rise in

Ky Simulation Calculation simulation (%)
2.17 3.97 3.53 8.99
3.04 7.90 6.56 10.11
4.35 12.56 11.80 24.28

2) Zero non-detection zone

The lower margin of K, can be defined respecting the suc-
cessful detection in worst islanding scenario, i.e., zero active
power mismatch or disturbance. As mentioned above, while
the relative active power disturbance locates inside the range
of [-29.13%, 17.35%], V,, would not leave the standard
range. Accordingly, if the proposed IDM diminishes P, by
29.13 in zero active power mismatch, the PCC voltage
would be successfully drifted to the lower margin (0.88
p-u.), and the islanding is identified.

Equation (5) can also be manipulated to (9) concerning
the fact that S(/,,, Vypy)+ bV, —refrgo equals to zero in all

operation modes:
P+ AP=P =V K, AV pec ©)

This equation can be further simplified by replacing V,,
using (2) and neglecting 7, against ref,z.:

refpgo — KpfA Vece
_Jp&o TR PCC 10
. (10)

The following polynomial term can be finally derived to
determine the upper limit of K, with a given PCC voltage
variation:

(K AVpec)’ = 1efpaoK AV pec + B(P pg + AP)=0 (11)

The right-hand side term can be negative or positive re-
garding the level of (P,; + AP). However, since the signs of
the first and second terms are different, this equation has at
least one positive solution. For instance, in order to assure is-
landing classification of the case study system with zero
NDZ with AVpe. = 0.002 p.u. (460 mV) and AP = 29.13%,
K, should be at least 1.53 while voltage samples are mea-
sured in p.u.

Therefore, the optimized K, range for the case study
GCPVS is [1.53, 3.04]. This range is defined self-standing
regardless of the DG, inverter, and grid characteristics.

The same criteria have been considered for the definition
of the VPF disturbance size and limited to the range of
[17.80, 25.05] for case study system [21]-[24].

Py, +AP= K, AV pee
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The effect of VPF and the proposed modified sliding-
mode controller on power quality is assessed in the next sec-
tion for the prototype system. In the following simulations,
the disturbance gain is selected to be 20 and 2.17 for VPF
and modified sliding mode controller. These selections guar-
antee zero NDZ and stable performance of the studied
GCPVS in normal operation conditions.

IV. POWER QUALITY ASSESSMENT

The performance and efficiency of the sliding-mode-based
IDM in the standpoints of current harmonics THD, are stud-
ied. The efficiency has not been placed in the power quality
factors in scientific sources [34]. However, since the pro-
posed IDM deviates GCPVS operation point away from
MPP, the variation of efficiency is assessed as well.

A. THD

The presence of harmonics in the electrical system devi-
ates voltage or current from its original sinusoidal wave-
forms. This deviation can be measured by THD, defined as
the ratio of the root-mean-square (RMS) voltage or current
of the harmonics to the fundamental component. Based on
IEEE Standard 1547-2008 and IEC Standard 61727-2002,
THD, should be limited to 5%. Furthermore, harmonic com-
ponents should be restricted to the values listed in Table II
[26], [27].

The analysis is initially performed at various active power
production levels. The results, including THD, for classic
VPF and modified sliding-mode IDM are presented in
Fig. 7.

AW NA N

THD: with
25% of nominal
power (%)

W A N N 0 oo

power (%)
w A W

THD: with
50% of nominal

power (%)
N W R W

THD: with
75% of nominal

-y
§ § <3 \/\/\/\/\/—\/\/\'\/\/\J\/\/\A/\/\
oI TN N N e e AV
=332
S A

S ‘ ‘ ‘ ‘ .

1.0 1.2 1.4 1.6 1.8 2.0
Time (s)
—— VPF scheme; —— Proposed method

Fig. 7. Effect of VPF and proposed schemes on THD, with different per-
centages of nominal power.
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In addition, the harmonic spectra (for 4 < 20) in 25% of
STC output power are illustrated in Fig. 8. It can be seen
that, unlike VPF, THD, and the harmonic components are ac-
ceptable in the presence of the disturbance in the modified
sliding-mode approach. When the amplitude of the output
current (power) is decreased, THD, in VPF is raised due to a
fixed disturbance size. On the contrary, the disturbance size
of sliding-mode IDM is controlled in the voltage control
loop (MPPT) taking into account the DG’s active power out-
put. Therefore, it can provide low THD, even in low power
generation. The minimum output power level of sample
GCPVS for classic VPF with acceptable power quality is
285 W while it is 195 W for the proposed IDM. This high-
lights the wider operation range of the GCPVS with accept-
able power quality when it is equipped with the proposed
scheme.
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Fig. 8. Effect of classic VPF and proposed IDM on power quality (har-
monic spectra).

The disturbance size and amount of generated power are
critical variables in power quality analysis of the active
IDMs. In this regard, the average THD, at a few disturbance
and generation levels has been determined and depicted in
Fig. 9. Figure 9 shows that THD, is within the standard lim-
its in the proposed IDM for a given disturbance size regard-
less of the output power levels. However, K, has to be re-
stricted in VPF scheme to satisfy the standards in the low
output power rate. Furthermore, Fig. 9(a) confirms that the
proposed disturbance provides smaller adverse effect on
THD, at the same level of output power.

The commercial and power plant GCPVSs can be formed
by string inverters, where multi-inverters are connected to
the same PCC. The effect of multi-identical GCPVSs connec-
tion on the THD, has been assessed in this part. Table VII
shows the average THD, of multi-DGs connection in 25% of
nominal power. The outcomes imply on the acceptable pow-
er quality of the presented algorithm with multi-GCPVSs.
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Fig. 9. Average THD, for different disturbance sizes. (a) Modified sliding
mode. (b) Classic VPFE.

TABLE VII
AVERAGE THD, IN MULTI-DGS CONNECTION OF LOW POWER
GENERATION SCENARIO

GCPVS no. THD, (%)
1 4.49
2 4.40
3 4.47
4 4.65
5 4.53

B. Efficiency

The average MPPT efficiency, i.e., the ratio of DC link
power to the PV array power as well as the inverter efficien-
cy, i.e., the ratio of AC output active power to the PV array
power, for the sample GCPVS equipped with the proposed
algorithm at various irradiance levels have been measured.
What can be inferred from the provided data in Table VIII is
that the presented disturbance has little influence on the
DG’s efficiency, since MPP can be accomplished at a small
bound around ref as the same as other MPPT algorithms.
Hence, besides effective islanding detection, a high efficien-
cy is guaranteed in normal operational mode. In addition,
since the disturbance of VPF algorithm has been employed
in the current controller of the inverter, it does not change
the MPPT operation and efficiency.

VIII

EFFECT OF SUGGESTED DISTURBANCE ON MPPT AND INVERTER EFFICIENCIES

MPPT efficiency
with proposed method (%)

Radiation (W/m?) MPPT efficiency

without proposed method (%)

Inverter efficiency
with proposed method (%)

Inverter efficiency
without proposed method (%)

250 98.18 98.21
500 96.18 96.27
750 95.96 96.00
1000 96.05 96.05

98.07 98.04
96.12 96.22
95.96 95.98
96.04 96.04
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V. CONCLUSION

In this paper, the influence of the classic VPF and modi-
fied sliding-mode IDM on the GCPVS’s power quality and
efficiency has been evaluated. The study has been done for a
1 kWp PV system with string inverter. The simulation re-
sults show that, while the THD of output current in the pro-
posed IDM is smaller than the simple VPF, both methods
render acceptable power quality in a wide range of system
operation. This proper performance has been achieved due to
the variation of the current magnitude rather than the angle
or frequency. This magnitude variation is realized in VPF
and the proposed method in the current and voltage control
loops (MPPT), respectively. The simulations also confirm
that the acceptable THD, and harmonics are guaranteed in
multi-GCPVSs connection situation even at low power gener-
ation levels as the worst scenario.

Since the new technique tries to deviate the system from
its MPP condition, the effect of embedded disturbance on
the efficiency is also performed. In this regard, the simula-
tions are carried out and a negligible reduction in MPPT and
inverter efficiencies (less than 0.04%) has been demonstrated
in the proposed method. This occurs since MPP can be
gained at a small bound around ref.

It has been finally concluded that the modified sliding-
mode controller has the advantages of the conventional VPF
scheme in islanding detection as well as a higher power qual-
ity in the production of energy.
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