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ABSTRACT Standalone photovoltaic systems is a key technology for the increase of renewable energy
sources share in electricity production worldwide. The power quality of those systems plays a fundamental
role in avoiding volatile power supply. This calls for a concrete design in order to meet power quality
specifications. In this context, a methodology has been developed in a previous work, in order to set the
values of the parameters that optimize the power quality indices of the system. In this paper, an extensive
sensitivity analysis is performed regarding the influence of the optimized parameters variation on the
power quality indices. Throughout the outcomes of the sensitivity analysis a more insightful view of the
system performance under the deviations of system parameters is revealed, which in combination with
the aforementioned optimal design strategy becomes an essential tool that ensures high power quality level.
The theoretical outcomes are validated by experimental results, highlighting the effectiveness of the proposed
design strategy.

INDEX TERMS Genetic algorithms, inverters, photovoltaic systems, power quality.

I. INTRODUCTION
During the past years Power Corporation Companies
encourage the installation of standalone residential photo-
voltaic (PV) systems, by providing various motivations to
the consumers, in order to meet both financial and ecological
targets. The progress in the generation of electric energy by
solar as well as the feed in tariffs and transaction policies of
the emerging energy market, have turned PV-systems into a
critical part of electrical networks [1]–[6]. The development
of the standalone PV systems relies on their power quality,
obliged to cope with the increasing demands of the con-
sumers and the complexity of the modern electrical installa-
tions [7]–[9]. For these reasons, the design of a standalone
PV system should comply with national and international
power quality and safety standards. Complying with these
standards ensures high power quality, secures power supply,
safeguards people and infrastructures from accidents and
moderates the initial and operational costs. Moreover, over-
dimensioning of the equipment should be avoided, taking into
consideration techno-economical restrictions.

Although various techniques have been developed and
implemented for the improvement of the power quality

of standalone systems (e.g. load demand manage-
ment [10]–[15], and supply voltage control using sophis-
ticated control loops [16]–[20]), the initial design of the
system is still the dominant factor. Inefficient selection of
critical components may result in non-efficient operation of
the standalone system, leading to expensive and non-practical
topologies.

In order to meet the above demands and limitations, critical
parameters of the PV system should be properly selected.
As such, a constrained optimization problem is formed.
Genetic algorithms are considered as robust, stochastic and
heuristic optimization methods that give excellent results in
several optimization problems [21], [22]. A genetic algorithm
relies on processes of biological reproduction, crossover,
and mutation to reach the global or ‘‘near-global’’ optimum.
Usually, an initial population is provided, which is rep-
resented by bit strings that evolve randomization through
successive generations in order to obtain an optimum for
a particular fitness-function. Solutions with high suitability
are mated with other solutions by crossing over parts of
solution strings. Strings may also mutate. Solutions with poor
fitness are improved by crossover using highly fit solutions.
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FIGURE 1. Genetic algorithm flowchart [21].

In this context, a genetic algorithm has been proposed in
previous works [23]–[25] that optimizes the power quality of
three-phase standalone PV residential systems; its flowchart
is depicted in Fig. 1.

In the current work, power quality is expressed in terms
of appropriate indices that incorporate the limitations of the
relevant standards as well as practical dimensioning issues,
avoiding so nonrealistic configurations. In this context, the
proposed methodology [23] adjusts key variables (i.e. Cf , Lf ,
n, Vdc) of the standalone installation optimizing the following
power indices; asym; THDv; sci; scs; nomi, and reassuring
the compliance of the power quality indices with predefined
targets. This ‘‘initial design’’ approach takes a more com-
prehensive view of the autonomous system, ensuring the
compliance of the defined indices with the demands of the
International Standards and the common practice. In contrast
to other methodologies [7], [26] that focus on reformative
actions in an effort to align with the power quality demands,
the algorithm presented in [23] proposes preventive actions
in order to avoid the exceedance of the techno-economical
restrictions.

Despite the fact that the proposed methodology adds flexi-
bility to the design of standalone PV systems, the theoretical
predictions may not always be verified due to a series of
factors; the deviation between the nominal theoretical and

the real values of the system components (i.e. capacitance,
inductance, transformer ratio); the variation of the voltage
level; and the variation of the load demand, are the main
reasons for the above mismatch. As a result, the optimized
solution may be proven insufficient under real operating con-
ditions, failing to preserve the expected level of power quality.
This in turns may have impact on the safe operation of the
standalone installation. Hence, the optimal design has to be
extensively assessed in terms of the expected deviations of
the system parameters. In the current work the optimal design
of standalone PV-installations presented in [23] is thoroughly
investigated by means of an exhaustive sensitivity analysis,
revealing the impact of each parameter on the power quality
of the standalone system. The analysis reveals the effect of
every system parameter on the power quality indices, as well
as the tolerance of the optimized solution under real operating
conditions. Thus, the main outcome of the current work is the
enhancement of the design methodology of [23] by providing
a comprehensive design of standalone PV systems that takes
into consideration any possible parameter deviation. Addi-
tionality, experimental results validate the effectiveness of the
proposed methodology.

FIGURE 2. Configuration of the standalone PV system under study.

II. BASIC SYSTEM ANALYSIS
Fig. 2 depicts the block diagram of the standalone PV system
under study. The main parts of the PV installation are [23]:
• the PV unit
• the series charger (DC/DC converter)
• the battery bank
• the three-phase inverter (H-bridge)
• the LC filter
• the three-phase transformer (Ygd connection).
The power quality indices are summarized as follows:
• Asymmetry due to single phase loads (asym); asym
should not exceed 5%, according to [27]–[33]. Accord-
ing to the symmetrical components analysis of the sys-
tem, asym is expressed by the following equation [23]:

asym

=
V2
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• Total Harmonic Distortion at the load side (THDV ),
calculated by using the symmetrical components anal-
ysis; THDV should not be higher than 8%, according
to [34]. According to the harmonic analysis of the sys-
tem, THDV is expressed by the following equation [23]:

THDV =
1
Vb

 ∑
i=3,5,...

V2
i(TP)


1/2

(2.1)

Vi (TP) = V2,i = Z2,iIi (2.2)

Z2,i = 3n−2
XCf[

i− 1
i

(
fr
fb

)2] , (2.3)

where Ii is the rms value of the i-order load current
harmonic component (per phase).

• Inverter Short Circuit Current Ratio (sci), denoting the
short circuit current that both the inverter and the filter
inductor have to withstand; sci should be less than 5,
according to techno-economic constraints [23].

• Inverter Nominal Power Ratio (scs); it is a techno-
economical factor which defines the necessary inverter
over-dimensioning in order to meet the power qual-
ity targets and the inverter safe operation restrictions;
scs should not exceed 2, according to techno-economic
constraints [23].

• Inverter Nominal Current Ratio (nomi), denoting the
maximum permissible capacitive current in the cir-
cuit; nomi should not exceed 1.5, according to
techno-economic constraints [23].

The system parameters (f , q, n, Vdc) have been defined
according to [23], as follows:

f =
fr
fb

(3)

q =
n2RL
XCf

(4)

fr =
1

2π
√
Lf Cf

, (5)

where RL , the (per phase) real component of the load equiv-
alent impedance;
fr , the filter resonant frequency;
fb = ωb/2π , the fundamental frequency;
n, the three phase transformer turns ratio;
XCf , the filter capacitor impedance per phase (at funda-

mental frequency);
Vdc, the dc voltage at the inverter dc-side.
The above presented power quality indices are inserted into

an objective function which expression is [23]:

e(k) =
asym
w1
+

t5
w2
+

t7
w3
+

t11
w4
+

sci
w5
+

scs
w6
+

nomi
w7

, (6)

where w1,2...,7 are weight factors, set by the maximum per-
missible values of the power quality indices [23], and

ti =
X · Zi · Ii

230
, (7)

where i = 5, 7, 11 (the harmonic order).

According to [23], t5, t7 and t11 are computed considering
X non-linear loads with harmonic current content equal to the
maximum permissible limits for each harmonic component,
according to IEC 61000-3-2 standard [35]. Hence, (6) is
minimized through the genetic algorithm presented in Fig.1.

In the current analysis, the above indices as well as the
amplitude modulation ratio of the SPWM controller (ma) are
analyzed with respect to the system parameters (n, Vdc) and
the following variables:

• the filter inductance per line, Lf , extracted by (3)-(5):

Lf =
qn2RL
ωbf 2

(8)

• the filter capacitance per phase, Cf , extracted by (3)-(5):

Cf =
1

qn2RLωb
(9)

Finally, by simple circuit analysis, RL is given by the
following equation:

RL =
(V2Npf )2

PL
, (10)

where pf the load power factor; V2N , the transformer line-to-
line nominal secondary rms voltage value; and PL , the load
active power.

III. SENSITIVITY ANALYSIS
A sensitivity analysis is performed in order to investigate
the influence of the above-mentioned parameters on the
power quality indices. Previous works [23], [24] indicate that
the compliance of the aforementioned power quality indices
with the demanded limitations (according to international
standards and techno-economical restrictions) depends on
the appropriate selection of the system parameters values;
these values are optimally selected by using an appropriate
methodology, based on an artificial intelligence technique
(i.e. a genetic algorithm). However, some power quality
indices may still exceed their predetermined limits, due to
the fact that the optimal values of the system parameters are
not always attainable (for practical reasons). It is noted that
even if the optimal parameters values are attainable these are
about to alter in real life operation, being subjected to various
operational and environmental factors such as voltage and
current stresses, environmental conditions etc.

The sensitivity analysis reveals the behavior of each power
quality index, indicating the influence of the parameters vari-
ation to the quality of the supplied power. The current work
examines the dependence of the power quality indices (asym,
THDv, sci, scs, nomi) and ma on the variations of Cf , Lf ,
n and Vdc, considering three different power levels for the
standalone system, i.e. 1 kW, 20 kW and 50 kW. It is noted
that the case of 1 kW is considered only for the -under scale-
experimental evaluation of the theoretical calculations - pre-
sented in Section 4. Table 1 presents the optimal values of the
aforementioned parameters for various X -values, obtained by
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TABLE 1. Optimal parameters values calculated According to [32].

the methodology presented in [23] and taking under consider-
ation the restrictions defined in Section II. It is noted that if the
harmonic content of the load is lower than the aforementioned
limits, then X becomes lower than unity. On the other hand,
Table 2 presents the values of the power quality indices,
calculated using the variables in Table I and according to the
methodology in [23]. It is noted that the sensitivity analysis
outcomes are normalized prior to the values in Tables 1 and 2,
in order to perform reliable comparisons for all the scenarios
under study (nominal load, Vdc range, X , etc).

TABLE 2. Estimated power quality indices (using the parameters values
of Table1).

The outcomes of the sensitivity analysis are summarized
in Figs. 3-22, where the variations of the examined power
quality indices are illustrated as a function of the system
parameters. In more details, Figs. 3-8 illustrate asym, ma,
THDv, sci, scs, and nomi as functions of Cf considering the
power levels and X -values of Table 1. The same parame-
ters are depicted as functions of Lf , in Figs. 9-14. Finally,
Figs. 15-20 present the abovementioned parameters as func-
tions of n, whereas Figs. 21 and 22 highlight the effect of
Vdc on asym, THDV , sci, scs, nomi, PFinv, and ma. Several
observations and conclusions are made, based on the pre-
sented sensitivity analysis results. To begin with, one may

FIGURE 3. asym vs Cf .

FIGURE 4. ma vs Cf .

FIGURE 5. THDV vs Cf .

note that the load nominal power and the X -value do not have
significant impact on power quality; this can be attributed to
the initial optimal design that deflates the influence of those
parameters. On the other hand, according to Figs. 3, 6, and 7,
asym, scs and nomi depend strongly on the variation of Cf .
Furthermore, Figs. 4-6 highlight that ma, THDV and sci are
inversely correlated with Cf . In more details, even though
the reduction of Cf has a positive impact on asym value
(it slightly decreases), THDV and sci deteriorate significantly
and so there is a danger of exceeding their upper limits. This is
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FIGURE 6. sci vs Cf .

FIGURE 7. scs vs Cf .

FIGURE 8. nomi vs Cf .

due to the fact that the rms current value of Cf also decreases,
calling for significantly higher reactive current amounts at the
inverter output stage (in order to cover the lack of reactive
power). As far as the influence of Lf concerns, Fig. 9 outlines
that asym deviations are proportional to Lf ones, whereas all
the other power quality indices, except nomi, are inversely
proportional to Lf (according to Figs. 10-14). As Fig. 14
depicts, nomi has no dependence on Lf variations because
it represents the ratio of the capacitive filter current part.
The transformer turns ratio also affects the behavior of the

FIGURE 9. asym vs Lf .

FIGURE 10. ma vs Lf .

FIGURE 11. THDV vs Lf .

power quality indices; in Figs. 15, 17, asym and THDV are
inversely correlated with n, whereas in Figs. 16, 19, and 20,
ma, scs and nomi increase as n rises. Nevertheless, among all
other parameters, n is less possible to present significant alter-
ations. Finally, as it is shown in Figs. 21, 22, Vdc influences
only ma, having no impact on the other indices.

The sensitivity analysis has highlighted the fact that the
final design of the system has to take into account future alter-
ations due to various operational / environmental conditions.
Although it is proven that the optimal design methodology
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FIGURE 12. sci vs Lf .

FIGURE 13. scs vs Lf .

FIGURE 14. nomi vs Lf .

reassures high power quality levels even under significant
deviations (comparing to the optimal values) of the system
parameters, special care has to be given to Cf capacitance
selection. In this work, we considered a deviation between
−30% and 30% of the optimized Cf value (shown in Table I).
This is a reasonable assumption considering that the compo-
nents can be affected by the operation conditions, the ageing
of the materials and the component tolerances [36], [37]
It is worth mentioning that for brand new components the
component tolerance is the dominant factor, whereas for

FIGURE 15. asym vs n.

FIGURE 16. ma vs n.

FIGURE 17. THDV vs n.

components in service ageing plays the most important role
to the values changes. According to the presented results, it
is shown that its unavoidable reduction over time [38]–[41]
degrades significantly THDV . Hence, it is recommended
to keep THDV target value (during the optimization pro-
cedure) at least 30% lower than the maximum acceptable
limit, in order to be on the safe side. This safe precaution
accounts also for any possible decrease of Lf inductance, as
its effect on THDV is significantly smaller than Cf affection.
Nevertheless, if this precaution leads to inapplicable
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FIGURE 18. sci vs n.

FIGURE 19. scs vs n.

FIGURE 20. nomi vs n.

capacitance and/or inductance values, then the designer
should consider the initial design utilizing higher tolerance
capacitor solutions, i.e. metalized polypropylene film capaci-
tors [42]. It is noted that the alterations of the capacitor series
resistance are excluded from this analysis, due to the fact that
polypropylene film or other types of capacitors with sim-
ilar technical characteristics present very small dissipation
factors [42].

In addition, the cautious selection and design of the filter
capacitor bank (as it has been discussed) reassures also that
sci and scs indices will be maintained below their predefined
limits. Finally, it is noted that voltage asymmetry is going to

FIGURE 21. asym/THDV /sci/scs/nomi/PFinv vs Vdc .

FIGURE 22. ma vs Vdc .

TABLE 3. Behavior of each power quality index of each power quality
index (↑increase, ↓decrease, - constant, ≈slight variation depending
on x-value).

be positively affected over time, as a result of the expected
reduction of Cf capacitance and Lf inductance.
Table 3 summarizes the sensitivity analysis results, indi-

cating the behavior of each power quality index with
respect to the parameters deviation of the standalone
system.

IV. EXPERIMENTAL RESULTS
The theoretical calculations are evaluated by means of exper-
imental (under scale) measurements. The laboratory config-
uration consists of the following components:
• a DC power supply, 0-330V/ 0-11A
• a set of iron core inductors 3×36mH, 30A
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• a set of center tapped iron core inductors 3x5/10mH,
30A

• a three phase diode bridge rectifier, 510V/20A
• a three phase center tapped transformer, Ygd, 6 kVA, 50
Hz, 380 V / 110 V-220 V

• a film capacitor bank, 3×200 µF, 400 Vrms
• a film capacitor bank, 3×100 µF, 400 Vrms
• a film capacitor bank, 3×50µF, 400 Vrms
• a film capacitor bank, 3×47 µF, 400 Vrms
• a film capacitor bank, 3×40 µF, 400 Vrms
• a film capacitor bank, 3×5 µF, 400 Vrms
• an electronic load, 0-2.4 kW
• a three phase inverter prototype, 0-800 VDC,
3×0-400 VAC, 3 kVA

• various resistive load banks

FIGURE 23. Laboratory setup.

Fig. 23 depicts the laboratory setup; note that the symmet-
rical load consists of a 3-phase diode H-bridge that supplies
the resistive load bank at the dc side, whereas the variable
(asymmetrical) load is the electronic one; X = 0.3 at 1 kW
loading, while it changes linearly with the load active power.

FIGURE 24. Experimental and theoretical asym results.

Figs. 24-28 depict the experimental results compared with
the theoretical estimations as a function of the system param-
eters under study (Cf , Lf , n). More specifically, Fig. 24
presents the asymmetry analysis (under symmetrical load
equal to 540 W) for different values of the parameters, while
the single-phase non-symmetrical load varies from 10 W
to 100 W. Figs. 25-28 depict the sensitivity analysis results

FIGURE 25. Experimental and theoretical THDV results.

FIGURE 26. Experimental and theoretical nomi results.

FIGURE 27. Experimental and theoretical sci results.

for the rest of the power quality indices, examining various
scenarios for the parameters values. In more details, Fig. 25
presents THDV as a function of the filter components and the
transformer turns ratio. In Fig. 26, nomi variation is presented
as a function of Cf and n, since it has no dependence on Lf
changes. Fig. 27 depicts sci results, considering Lf and Cf
variations, since the influence of n is not significant. Finally,
Fig. 28 presents scs considering various combinations of Cf ,
Lf , and n values. The experimental results and theoretical
calculations are in good match, confirming the dependence
of each power quality index on the variation of the filter
capacitance, the filter inductance and the transformer turns
ratio. The deviation between the experimental and theoretical
outcomes is mainly caused by the fact that the theoretical
analysis ignors the power losses of the system (the efficiency
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FIGURE 28. Experimental and theoretical scs results.

is considered equal to 1.0). Additionally, it is worth men-
tioning that even under symmetrical loading conditions, the
load voltage is not free of asymmetry due to the unavoidable
asymmetries among the filter inductors and the capacitors.
However, even under such conditions, the experimental out-
comes highlight that the voltage asymmetry remains well
below its limit, as a result of the optimized design algorithm
of the whole system according to [23].

V. CONCLUSIONS
The current work investigates the power quality of three phase
standalone PV installations. The appropriate design of these
systems is critical for the improvement of their power quality.
In previous works [21]–[23], a methodology for the optimal
design of these installations with improved power quality
has been developed, in order to meet the demands of the
relevant standards and offer realistic design solutions. Even
though this method consists a reliable and efficient way in
order to comply with the power quality standards and design
limitations, its outcomes cannot always be implemented in
practice, due to the availability of commercial components.
In addition, the nominal value of each parameter presents
an unavoidable drift over time. In this context the developed
methodology and the results of the performed sensitivity anal-
ysis can be leveraged by the design engineers which now have
at their disposal an efficient tool for the design of a standalone
PV that provides prominent effect on power quality issues.
The findings of the performed analysis are significant for
the design of new as well as for the upgrade of autonomous
systems. The obtained results and conclusions encourage the
design engineers to adopt a preventive approach during the
initial design of the PV system, highlighting the impact of
the variation of each parameter on the power quality and the
appropriate dimensioning of the system.
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