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Abstract: - The prevalence rate of photovoltaics (PV)-based generation systems has increased by more than 15 
folds in the last decade, putting it on the top compared to any other power generation system from the 
expandability point of view. A portion of this huge expansion serves to energize standalone remote areas. 
Seeking improvements from different aspects of PV systems has been the focus of many studies. In the track of 
these improvements, parallel MPPT configuration for PV standalone systems have been introduced in the 
literature as an alternative to a series configuration to improve the overall efficiency of standalone PV systems. 
However, this efficiency improvement of the parallel MPPT configuration over the series one is not valid for 
any standalone application, therefore an assessment procedure is required to determine the most efficient MPPT 
configuration for different standalone applications. Therefore, in this study, an assessment procedure of parallel 
MPPT is conducted to demonstrate the suitability of utilizing such a configuration compared to series one, 
based on load daytime energy contributions. This assessment will help PV system designers to determine which 
MPPT configuration should be selected for applications under study. Furthermore, a new utilization of parallel 
MPPT configuration is introduced for operating universal input power supply (UIPS) loads to eliminate the 
inverter stage, thereby increasing the overall system efficiency and reliability. Finally, a systematic procedure 
to size the complete system is introduced and reinforced by a sizing example. 
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1 Introduction 
Off-grid standalone applications depending on 
photovoltaic (PV) modules as the main and sole 
power sources are increasing worldwide. This 
increase is due to many factors with the most 
important ones: the continuous reduction in PV 
system component prices, especially PV module 
prices, and continuous developments in PV power 
converter performance [1].In the literature, 
improvements in standalone PV systems have been 
addressed from many aspects in order to improve 
the overall system performance and open frontier for 
new applications [2-6]. Developments on the scale 
of optimizing MPPT algorithms has been addressed 
as shown in [7-9]. One of the addressed 
developments in the literature is the use of a parallel 
MPPT configuration instead of a series 
configuration [5]. In this configuration, the load is 
directly connected to the PV source, and a bi-
directional DC-DC MPPT converter is connected in 
parallel with the main PV bus instead of the 

typically used series connection. The traditional 
series MPPT-based off-grid PV system is shown in 
Fig.1, and the parallel one is shown in Fig.2. The 
parallel configuration allows for direct flow of 
energy from the PV array directly to the load 
without passing through the MPPT converter during 
the daytime period. While, in series configuration 
the converter process all of the energy generated by 
the PV array. Therefore, losses associated within the 
series configuration during the daytime mode of 
operation are eliminated in the parallel converter, 
which in turn improves the overall system 
efficiency. However, this efficiency improvement in 
parallel configuration is only applicable for energy 
portion processed to the load during daytime. Since 
the amount of load daytime consumed energy varies 
from one standalone PV application to another, 
therefore, an assessment procedure is required in 
order to select the suitable MPPT configuration for 
each application. 
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Fig. 1: Typical Off-grid system with Series MPPT 
Configuration 
 
This assessment is important as it determines 
whether efficiency improvements of the parallel 
MPPT configuration compared to the series 
configuration could be achieved for a certain load 
profile or not. 
PV standalone systems were used to feed different 
types of loads. These loads were categorized as AC 
and DC loads. One of the main types of AC loads 
currently used is loads that adopt universal input 
power supplies (UIPS) at their input power stage; 
these loads will be termed as UIPS loads. UIPS 
loads are continuously increasing, ranging from 
mobile phones, LED lamps, laptop chargers, battery 
chargers, LCD TVs, printers, scanners, network 
switches, routers, and desktop computers to big data 
servers. Currently, many residential and commercial 
non-motor loads are UIPS loads. The most 
important unique feature of these power supplies is 
their ability to tolerate large input supply voltage 
variations that could vary in the range of 90Vac up 
to 260Vac. Knowing that UIPS loads are equipped 
with an AC/DC rectifier at their input power stage, 
the UIPS loads can also be operated from the DC 
supply. These features make them good candidates 
to be fed by a parallel MPPT configuration because 
in this configuration, the DC link voltage could be 
designed to match the UIPS operating voltage 
window. Feeding UIPS loads directly from 
standalone PV systems based on parallel MPPT 
configuration facilitates the elimination of front-end 
DC/AC inverters typically used with UIPS loads in 
typical standalone PV installations. Hence, the 
overall system efficiency and reliability can be 
improved.  

 
Fig. 2: Typical Off-grid system With Parallel 
MPPT. Configuration 
 
In this study, an assessment framework is developed 
to assess the feasibility of using a parallel MPPT 
configuration over a series configuration based on 
the load daytime energy contribution. This 
assessment is important to provide a guide for off-
grid PV system designers for selection between 
series and parallel MPPT configurations. In 
addition, a new utilisation of a parallel MPPT 
configuration to feed UIPS loads while eliminating 
the DC/AC inverter is proposed. Finally, a 
systematic design procedure is proposed for sizing 
off-grid PV systems based on a parallel 
configuration supplying UIPS loads. 
 
 
2 Parallel versus Series Standalone 

Configuration 
Fig.1 shows the traditional off-grid PV 
configuration for standalone off-grid PV powered 
AC loads with a series MPPT configuration. The 
main electrical components of this system consist of 
PV modules, series-connected MPPT DC-DC 
converter, battery bank, DC/AC inverter, and 
interconnecting cables. In this configuration, the 
total PV power is always processed through the 
series MPPT DC-DC converter. The output of the 
MPPT converter is connected to the batteries and 
the input side of the DC-AC inverter. Finally, the 
output of the inverter is connected to the load. This 
configuration is widely used in the implementation 
of standalone PV systems [10], [11]. 
The series MPPT DC-DC converter is responsible 
for achieving multiple functions. The first is to 
operate the PV string at maximum power. The 
second is to charge the battery bank during sun 
hours with excess PV power greater than the load 
consumed power. The third function is to safely 
operate the battery by limiting the battery charging 
when a full battery state of charge (SOC) is 
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achieved and disconnects the loads when the 
minimum state of charge is achieved. 
Typically, the rated DC voltage of the battery banks 
used in this configuration is 12, 24, and 48 V, with a 
higher battery voltage selected for large loads to 
reduce conduction cable losses [12]. The DC/AC 
inverter is used to provide two functions: voltage 
stepping up in addition to DC to AC inversion. 
Fig.2 shows the parallel MPPT configuration for 
standalone off-grid PV-powered loads. In the 
parallel configuration, the system components are 
quite similar to those used in the series 
configuration. However, a bidirectional DC-DC 
converter is used in a parallel configuration instead 
of a unidirectional one used in a series 
configuration. Because the PV array maximum 
power point voltage varies over the day, the main 
DC bus and load voltage vary accordingly. Hence, it 
is important to use a load front-end converter to 
adapt the input voltage to feed the load in a parallel 
MPPT configuration. The main advantage of 
parallel configuration over series MPPT is that it 
reduces the amount of losses incorporated inside the 
converter by allowing the direct flow of load energy 
from the PV array to the load during the daytime 
period. 
 
 
3 Parallel MPPT Modes of Operation 
The modes of operation of the parallel MPPT 
configuration used for supplying UIPS loads are 
summarized in Table1. 
During mode 1, the available maximum PV power, 
denoted as PPVmax, is greater than the load power, 
denoted as PLoad, and the battery state of charge, 
denoted as SOC, is less than 100%, the total load 
power will be supplied directly from the PV string 
power, and the remaining PV power will be handled 
by the bi-directional DC–DC converter and stored in 
the batteries.  
 

Table 1. Modes of Operation of Parallel MPPT 
Configuration 

 
Mode 

no. 
Modes of operation 

1 PPVmax > PLoad, Battery SOC less than 100%. 
2 PPVmax > PLoad, Battery SOC equals 100%. 

3 PPVmax = PLoad 
4 PPVmax < PLoad, Battery SOC greater than 

DODmax. 
5 PPVmax < PLoad, Battery SOC less than 

DODmax. 
  

 

During mode 2, the available maximum PV power is 
greater than the load power, and the battery state of 
charge SOC is equal to 100%, the total load power 
will be supplied directly from the PV string, and the 
bi-directional DC–DC converter will be in idle 
mode as the battery cannot be overcharged. In this 
mode, the MPPT function is deactivated. 
During mode no.3, the available maximum PV 
power is equal to the load power; independent of the 
battery SOC, the total load power will be supplied 
directly from the PV string power and the bi-
directional DC–DC converter will be in idle mode, 
but this mode is rare for a long period during the 
day.  
During mode no.4, the available maximum PV 
power is less than the load power, and the battery 
SOC is higher than the maximum allowable depth of 
discharge, denoted as DODmax. In this mode, a 
portion of the load power equal to the available 
maximum PV power will be supplied directly from 
the PV string power, and the remaining required 
load power is supplied by the bidirectional DC–DC 
converter and absorbed from the stored energy of 
the batteries. 
During mode no.5, the available maximum PV 
power is less than the load power, and the battery 
SOC is lower than DODmax; thus, forcing the 
battery to discharge more power beyond its 
maximum DOD limit will reduce battery lifetime 
and system reliability, and hence either switching 
off some loads or the total load will be 
disconnected.  
 
 
4 Assessment of MPPT Configurations 
Power profiles of loads supplied by standalone PV 
systems can be categorized into four main types: 
constant, night operating loads, day time operating 
loads, and mixed profile loads, as indicated in Fig.3. 
Examples for these load profiles could be PV 
powered; street lighting for night operated loads as 
in [13], remote medical clinic for day time operated 
loads as in [6, 14]. 
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Fig. 3:  Different load power profiles categories, (a) 
constant load, (b) night load, (c) daytime, (d) mixed 
load. 
 
From an operational point of view, in the parallel 
MPPT configuration, the efficiency improvement 
over series one depends mainly on the amount of 
daytime energy consumed by the load directly from 
the PV array. This means that variation in the 
amount of daytime energy from one application to 
another would alter the optimum selection between 
parallel and series MPPT configurations. Therefore, 
to determine which MPPT configuration is more 
effective from the energy efficiency perspective, an 
assessment procedure for the efficiency benefits of 
the MPPT configuration used should be performed 
based on the load power profile. In this section, an 
assessment procedure is introduced to evaluate the 
parallel MPPT configuration efficiency 
improvements in comparison to the series one based 
on the load day time energy consumption.  
In Fig.4, an arbitrary load and solar power profiles 
are shown for an arbitrary day. The load profile is 
divided into three portions: the first energy portion 
(E1) and third energy portion (E3) (pink shaded 
area) lay at night, while the second energy portion 
(E2) (yellow shaded area) lay in the daytime.  

An energy flow diagram for each energy portion 
presented in the arbitrary load profile is shown in 
Fig.5 and Fig.6 for parallel and series MPPT 
configurations, respectively, where the energy 
distribution through each system component is 
indicated.  
 

 
Fig. 4: Arbitrary daily load power profile (curve 
with pink and yellow shaded area, daily sun power 
profile (black curve). 
 
From Fig.5 and Fig.6, the overall efficiency of 
series, denoted as (ηser), and parallel, denoted as 
(ηpar), can be calculated using (1) and (2), 
respectively. 
 

Fig. 5: Energy flow diagram of parallel MPPT 
configuration. 
 
The component efficiencies used in the calculation 
of both efficiencies are the MPPT converter 
efficiency, denoted as ηDC, DC/AC inverter 
efficiency, denoted as (ηinv), and battery efficiency 
(ηb). 

PV 
ARRAY Inverter

BI-Directional 
DC-DC 

converter
Battery

{ E2/ η(inv) }

{ E1+E3/ [ η(dc) x η(inv)] }

{ E1+E3/[η(dc)^2 x η(Bat)  x η(inv) ] }

AC 
Loads 

{ E2}

{ E1 + E3}
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(1) 

 

(2) 

 
It can be seen from (1) and (2) that there are two 
main differences between the calculated series and 
parallel efficiencies. The first one is that in 
calculating ηpar, the daytime energy E2 is divided 
only by the inverter efficiency, while the DC-DC 
converter efficiency is eliminated as this energy 
portion E2 does not pass by the DC-DC converter 
while transferring from the PV array to the load. 
The second difference, also in ηpar, is that the 
nighttime energy, E1 and E3, are divided by the 
square of ηDC. Qualitatively speaking, the effect of 
both differences is that as the daytime energy 
portion E2 increases, ηpar increases compared to ηser.  
The graphical interpretation curves of (1) and (2) are 
shown in Fig.7, where reasonable converters and 
battery efficiencies are assumed. In this curve, the 
efficiencies of both parallel and series 
configurations are plotted versus the daytime energy 
portion E2, where E2 is normalized with respect to 
the total daily energy. The Fig. shows that 
increasing E2 results in an increase in both the 
parallel and series configuration efficiencies; 
however, the rate of efficiency enhancement in the 
parallel configuration is higher than that in the series 
configuration.  
 
The curves also show that beyond a certain 
percentage of daytime energy contribution, the 
parallel configuration is more efficient than the 
series configuration. Hence, using a parallel MPPT 
configuration is more efficient than using series one, 
provided that the daily load energy exceeded a 
certain percentage of the total load daily energy 
consumption. This percentage, as seen from the 
curve shown in Fig.7, lies between 55% and 60%. 
One implication of this result is that the series MPPT 
configuration would be the optimum selection from 
an energy efficiency perspective for night-only 
operated loads. 
 

PV 
ARRAY

Uni-Directional 
DC-DC 

converter

{ E1+E3/ η(dc) x η(Bat)  x η(inv)} + 
{ E2/ η(dc) x  η(inv)}

{ E1+E2+E3
/ η

(in
v)}

{ E1+E2+E3}

AC 
Loads 

Inverter

Battery

 
Fig. 6: Energy flow diagram of series MPPT 
configuration. 
 
Simultaneously, the parallel MPPT configuration 
would be the optimum choice for daytime only 
operated loads. For loads with constant or mixed 
power profiles, the efficiency assessment using (1) 
and (2) should be performed using the actual 
efficiencies of each converter used to decide which 
MPPT configuration is more efficient. The 
presumed efficiencies for plotting these curves were 
ηDC= 0.95, ηinv = 0.95, ηb = 0.85). 

 

Fig. 7: Parallel and series configuration efficiencies 
versus daily loading portion. 
 
Although the DC –DC converter efficiencies vary 
from one converter topology to another, in this 
analysis , the efficiencies of both unidirectional 
converters , used in series, and bidirectional 
converters used in parallel, were assumed to be the 
same. This was done to neutralize the comparison 
between series and parallel configurations from 
efficiency differences due to converter topology and 
concentrate on the load curve effects on the overall 
system efficiency. However, the actual efficiencies 
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of the selected converter can be considered in the 
configuration efficiency assessment framework 
presented by applying the actual efficiency value for 
each configuration. 
 
 
5 New Utilization of Parallel MPPT 

Configuration 
In this section, a new utilization of the parallel 
MPPT configuration for supplying UIPS loads is 
introduced, as shown in Fig.8. This proposal is 
driven by four main factors, the first factor is the 
wide spreading of UIPS loads with their superior 
feature of accepting wide AC as well as DC supply 
voltage variations. The second factor is the 
continuous increase in the market share of PV 
powered off-grid applications, which is a direct 
result of the continuous price reduction in PV 
system costs. The third factor is the capability of the 
parallel MPPT configuration to enhance the overall 
system efficiency compared to the series 
configuration for certain applications with high day 
time energy contributions. The fourth factor is the 
capability to eliminate one of the main system 
components encountered in the design of off-grid 
PV systems feeding AC loads, which is the AC/DC 
inverter, which in turn has a positive impact on the 
overall system cost, system efficiency, and 
reliability.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8: Proposed System Configuration 
 
The advantages of reduced overall system costs and 
enhanced system efficiency and reliability would 
pave the way for the development of MPPT 
bidirectional DC/DC converters dedicated to 
standalone PV systems on a commercial scale. 
This new utilization imposes a new design 
constraint while sizing the PV array. This constraint 
is that the variation of the PV string voltage window 
during day operating hours should fall within the 

UIPS load operating voltage window. This design 
constraint ensures the proper operation of the load. 
In the next section, this constraint is considered 
while sizing a full standalone system feeding UIPS 
loads.  
 
 
6 System Sizing 
In this section, the sizing of standalone PV systems 
for the proposed parallel MPPT configuration 
feeding UIPS loads is introduced. Similar to any 
standalone PV system, in the proposed 
configuration, the system components to be sized 
are as follows: 

1) The PV module data includes the module 
maximum power, Pmax, number of modules per 
string, number of parallel strings, and module 
voltage ratings (the maximum power point 
voltage, Vmpp , and open-circuit voltage Voc). 

2) Battery bank ratings include battery 
chemistry type, battery nominal voltage, and 
battery Ampere-Hour Capacity (AH). 

3) The ratings of the DC/DC MPPT charge 
controller. 

4) Cable sizing per each stage including cable 
cross-sectional area and lengths. 

 
The required design input data to determine and size 
the above-mentioned system components are as 
follows. 

1) Estimated load power profile versus time for 
the worst design month. This month has the 
lowest daily sun-peak hours for constant load 
power profiles. However, with varying load 
profiles, this month should be the month with the 
highest ratio of daily energy consumption 
divided by its associated sun peak hours. 

2) Required days of autonomy to account for 
cloudy and sunless days, Nauto.  

 
In the proposed configuration, a modified design 
methodology is used to size and select the complete 
system components listed above. This modified 
methodology guarantees matching between the sized 
PV string Vmpp window and the allowed UIPS 
voltage window. This matching between both 
voltage windows is mandatory to allow for proper 
load operation. 
 
6.1 PV Array Sizing 
In this section, the PV array sizing parameters are 
determined, which are the total PV array power, 
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denoted as Pt, number of series modules per string, 
denoted as Ns , and number of parallel strings, 
denoted as Np. 
The first sizing parameter which is the total PV 
array power, Pt, is determined based on three 
factors, as shown in (3). The first factor is the 
reflected load power, denoted as . where  is 
calculated by dividing the daily load energy 
consumption ( ) by the corresponding daily 
sun peak hours (SPH), as shown in (4). The second 
factor is the overall efficiency factor , which 
includes module temperature losses, soiling losses, 
cabling losses, DC-DC converter losses, and battery 
cyclic losses. The last factor is the autonomy 
oversizing factor ( ), which is used to account for 
the extra charging energy required to charge 
batteries after battery deep discharging during 
cloudy days. In calculating Pt, sizing based on the 
maximum value of  (i.e. ) ensures 
the capability of the PV array to supply load energy 
requirements during the worst day.  

 
(3) 

 

(4) 

The next step in sizing the PV array is to 
determine the number of series modules per string, 
denoted as Ns .During the day, the PV string output 
voltage, denoted as Vstring, should be within the 
allowed voltage window dictated by the UIPS load. 
Because Vstring equals the module voltage, denoted 
as Vmod, multiplied by Ns, as shown in (5), selecting 
Ns will depend on the UIPS voltage window limits 
and the output voltage per module. 

 

(5) 

The module output voltage Vmod varies depending 
on many factors. The first factor is the module 
technology used, whether it is crystalline silicon, C-
Si, or thin-film, and the second factor is the number 
of cells per module. The third factor is the 
environmental operating conditions and, more 
specifically, the module temperature. The last factor 
affecting Vmod was the electrical loading condition. 
The first three factors determine the I/V curve of the 
PV module, while the latter determines the point at 
which the PV module is operating. It is obvious that 

the module output voltage that is considered in the 
calculations, while selecting Ns, is the maximum 

power point voltage, denoted as  , as operating 
at this voltage ensures maximising the output power 
of the PV array. It should be noted that module 

will also vary during the daytime because of 
module temperature and irradiance variations. The 
benefit of utilizing UIPS loads which have a unique 
feature of accepting a wide range of input supply 

voltages that are capable of covering voltage 

variations during daytime. To fit the voltage 
variation into the UIPS voltage window, Ns should 
be appropriately selected. The optimum Ns is 
bounded by Nsmax and Nsmin, as shown in (6). 
Where Nsmax and Nsmin are the maximum and the 
minimum allowed number of series-connected 

modules per string that ensure fitting of the  in 
to the UIPS voltage window.  

 
(6) 

Formulas for determining Nsmin and Nsmax are 
shown in (7) and (8), respectively. A new DC bus 
voltage window is defined based on the UIPS input 
voltage window to account for Vmpp variation during 
daytime and to allow for some voltage safety 
margin. The two limits defining this new voltage 
window are denoted as VSmin and VSmax, representing 
the lower and upper voltage window limits, 
respectively.  

 

(7) 

 

(8) 

 
This new window is related to the UIPS input 

voltage window by a voltage variation factor, 
denoted as Kvf, which accounts for the deviation of 
the operating Vmpp from its nominal STC value , 
denoted as Vmpp_STC, as shown in  (9) and (10). 
Moreover, a 10% margin is considered to leave a 
suitable safety margin over the UIPS window limits. 
The voltage variation factor Kvf depends on the 
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range of variation of the module temperature and 
voltage temperature coefficient of the module used. 

 
(9) 

 

(10) 

From (7) and (8), the allowed range for  is 
determined.  

The next step in sizing the PV array is to 
determine the number of parallel PV strings in the 
array, denoted as Np. For applications with 
relatively high-power requirements, paralleling of 
PV strings is needed. To check whether parallel PV 
strings are needed, the minimum required power per 
PV module, denoted as PMod_min, should be 
calculated. An iterative procedure was used to 
determine PMod_min using (11).  

 

(11) 

For the first iteration, the number of parallel 
strings, Np, is set equal to one, and then PMod_min is 
calculated. If PV modules with this power do not 
exist in the market, paralleling of PV strings will be 
required. In this case, Np is incremented by one and 
PMod_min is recalculated until PMod_min is achieved, 
which is less than or equal to the market available 
PV module power. Then, the number of parallel 
strings Np is set equal to the last increment iteration. 
After setting the value of Np, Pmod will be selected 
from market-available modules such that its value is 
greater than or equal to PMod_min. Finally, Ns was 
calculated using (12).  

 

(12) 

6.2 Battery Sizing 
The first design parameter to consider in battery 
bank sizing is deciding the battery chemistry to be 
used. The battery chemistry selected in any 
application is based on the battery performance 
parameters of interest required by the application. 
Generally speaking, the battery’s main performance 
parameters are battery specific energy and power 

densities, internal discharge rate, memory effect 
behavior, number of charge/discharge cycles of the 
battery, and maximum allowed depth of discharge, 

denoted as . For standalone PV 
applications, the last two performance parameters 
are the most important parameters to be considered 
while selecting the battery chemistry used. Lead 
acid batteries are the most adopted battery chemistry 
in many off-grid PV installations [15], as they are 
considered to be the cheapest rechargeable battery 
technology [16]. However, it is expected that 
lithium-ion batteries will replace lead-acid batteries 
in the near future because of their continuous price 
reduction [17] and, of course, their superior 
performance over lead acid.   

After selecting the battery chemistry, the second 
parameter to consider is the battery energy capacity 

which, which is determined based on the 

maximum daily load energy, denoted as . 
Because, in the proposed parallel configuration, the 
battery is positioned after the DC to DC converter, 

the converter efficiency along with the , 

and days of autonomy, denoted as , should be 
considered while determining the battery capacity, 
as shown in (13). 

 
(13) 

 
Next to the calculation of the battery bank 

capacity, the battery bank voltage is selected. In the 
proposed configuration, the converter used should 
be bidirectional, in contrast to the unidirectional 
converter found in the traditional configuration. The 
battery bank voltage should be selected to be 
suitable for all operation modes of the selected 
bidirectional DC–DC converter. In a series MPPT 
configuration, it is common to select a battery bank 
voltage of 12, 24 or 48V. The same voltage levels 
can be selected in the parallel MPPT configuration 
or even higher, depending on the bidirectional DC-
DC converter voltage ratings. 

 
6.3 Converter Sizing 
The proposed configuration utilizes a parallel 
bidirectional DC-DC converter instead of a series 
unidirectional converter used in traditional stand-
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alone PV system configurations. Although the 
commercial availability of the bidirectional DC–DC 
converter is relatively lower than that of the 
unidirectional converter, its market share is 
estimated to increase in the near future, mainly 
because of continuous development in the e-
mobility and micro-grid sectors. Some of the 
commercially available bidirectional DC-DC 
converters can be found in the referenced datasheets 
[18], [19].   

The main sizing specifications of the 
bidirectional DC-DC converter are the power rating, 
low voltage, and high-voltage side voltage window 
limits. The converter power rating is determined 
based on the maximum of the charging, denoted as 
PCh_max, and the discharging power of the converter, 
denoted as PLoad_max. The maximum charging and 
discharging powers depend on the load power 
profile versus time and PV array power. It is 
recommended to account for a 10% oversizing 
safety factor in calculating the converter maximum 
power, as shown in (14). 

 (14) 

The converter low-voltage side was selected as 
the battery side, and its voltage window limits were 
Vbmax and Vbmin. Where Vbmax is the maximum 
attainable battery voltage under fully charged 
conditions, and Vbmin is the minimum operating 
battery voltage at the minimum allowed state of 
charge. These battery voltage limits are determined 
from the battery datasheet; however, it is common to 
be 15%–20% away from the nominal battery voltage 
values. The high-voltage side of the converter is 
connected to the main DC bus; hence, its voltage 
window should be equal to or wider than that of the 
UIPS voltage window.   

 
6.4 Cable Sizing 
Cables represent a main component in the off-grid 
PV system and share a considerable percentage of 
the total system losses. Designers typically consider 
that their losses share between 2% and 5% relative 
to the system peak power [20], [21]. Transferring 
the same amount of power over a higher voltage 
level decreases the operating current, thereby 
reducing losses and allowing for lower cable cross-
sectional area, csa, usage. Typical off-grid PV 
systems operate with standardized DC bus voltages 
of 12, 24, or 48 V. The selection of a higher 
operating voltage is usually recommended for larger 
load powers to reduce operating current which 

reduces cable losses, assuming constant current 
density for cable sizing. In the proposed 
configuration, power is transferred to the load 
through a voltage level that lies in the range of 130–
320V. This range is greater than the typical DC bus 
voltage used for traditional off-grid PV systems; 
hence, the cable transmission efficiency in the 
proposed configuration is enhanced. In addition, this 
feature can be used to use cables with a lower cross-
sectional area which decreases the overall system 
cost. 

The proposed configuration comprises three 
main cables for which the csa and length should be 
determined. The first cable is the main DC bus cable 
connecting the PV array to the bidirectional 
converter, the second one is the load connection 
cable to the main DC bus, and the third one is the 
battery connection cable to the bidirectional 
converter. The length of the cable is determined 
based on the relative physical allocation of the 
system components. Component allocation that 
allows shorter cable lengths is preferable for 
reducing the voltage drop and power losses. 

From the cable manufacturer catalogues, the cable 
csa is selected based on the calculated maximum 
cable current and maximum allowed resistance per 
unit length that satisfies the maximum allowed 
voltage drop. The calculation of the maximum 
current and maximum allowed resistance per unit 
length (km) is shown in (15) and (16), respectively. 

 

(15) 

 

(16) 

6.5 Case Study 
In this section, the sizing of the complete parallel 
MPPT off-grid PV system feeding the UIPS load is 
determined following the steps illustrated in the 
sizing section. The sizing of the PV array, batteries, 
DC-DC converter, and cables will be determined. 

For a given off-grid area utilizing UIPS loads, 
the daily energy consumption for a standalone 
application on the worst design day was 12 kWh, 
and the corresponding SPH was 4. The days of the 

autonomy factor  are assumed to be 1.25. 

From this value of  the batteries will take 12 
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days to recharge the autonomy battery capacity after 
a full 3 days autonomy period. The overall 
efficiency was assumed to be 0.75. Therefore, 
substituting in (3), the required PV power at STC 

 equals the 5 kW peak. 

The UIPS allowed the DC supply window to 
typically range from 130 to 320 VDC. The voltage 
variation factor, Kvf, was assumed to be 1.2. By 
substituting in (7) and (8), Vsmin and Vsmax are 
172 V and 242 V, respectively. The selected number 
of PV modules per string, Ns, should produce a 
voltage that lies within this range (from 172 to 242 
V) under different operating conditions. From the 
PV module type selected, Vmpp_STC is determined 
and substituted in (11) to obtain Pmod_min while 
assuming NP = 1.  Owing to its high commercial 
availability and hence relatively lower price per 
watt, the 60 cell C-Si module will be selected. Sixty 
cell PV module has a Vmpp_STC that varies from 
30 to 35 V depending on the module design; in 
calculations, 33 V will be used. From the 
substitution in (11), Pmin equals 682 W. Because Pmin 
is higher than the maximum of any available 
commercial 60 cell module, parallel strings are 
required. By incrementing Np to two, Pmin equals 
341 W. This value of Pmin is commercially available 
in 60 cell modules range. From commercially 
available modules, JAM60s20-365/MR [22] was 
selected. This module is rated at 365 W and 
Vmpp_STC equals 33.96V. The number of modules 
per string, Ns, is then calculated using (12) which 
equals seven modules per string. Therefore, the PV 
array consists of two parallel strings with seven 
series modules per string with a total power of 5110 
W under STC conditions. 

To size the battery, first, the battery chemistry 
will be selected. Owing to its wide market 
availability and high number of charge/discharge 
cycles, deep-cycle lead acid chemistry will be 

selected. Nauto is assumed to be 3 days,  is 
assumed to be 0.95. DODmax was chosen to be 80%. 
Using (13), the required battery capacity was 48 
kWh. The operating battery voltage was selected to 
be 48 V. Hence, the AH capacity of the battery was 
1000 AH. 

The next step is to size the bi-directional DC–
DC converter. From the load power profile and size 
of the PV array, the maximum power of both is 
equal to 6.3 Kw. Therefore, from (3), the power 
rating of the converter is 7 kW. The voltage ratings 

of the converter battery side are rated the same as 
the battery nominal voltage at 48 V. However, the 
converter should be capable of operating in a 
window of ± 20% around this voltage to allow for 
battery voltage variations during charging and 
discharging. As stated earlier in the design section, 
the voltage ratings of the converter DC side 
connected to the main DC bus are rated based on 
UIPS voltage window limits which are 130 and 
320V DC. Therefore, the Bidirectional DC-DC 
converter ratings are as follows: power rating of 7 
kW, battery side voltage of 48 V (± 20%), 240V (± 
50%). 

After sizing the converter, the cable sizes were 
determined. Typically, the cable lengths are dictated 
by the physical orientation of the system 
components relative to each other. This, in turn, is 
dependent on the locations of off-grid sites ready for 
system installation. In the case under study, only the 
main DC bus cable is sized, and the other two 
system cables can be sized using the same 
procedure. To determine the csa of this cable, first, 
the maximum current flowing through the circuit 
should be determined as shown in (15).Based on this 
calculation, the maximum current of the main DC 
bus is approximately 39 A. This current is calculated 
based on the UIPS minimum voltage window limit 
which is equal to 130V DC at the maximum PV 
power. From one of the PV cable manufacturer’s 
catalogue [23], 2.5 mm2 or 4 mm2 csa would be 
sufficient to handle this amount of current. 
However, assuming that the cable length is to 40m 
(two ways), this csa would produce a high voltage 
drop and hence high power losses which is equal to 
10% approximately at the lowest allowed supply 
voltage condition. By setting the allowed voltage 
drop to 3%, using (16), the maximum acceptable 
resistance per km is equals to 2.5Ω /km. This 
resistance could be achieved using a 10 mm2 cable. 
In this step, the sizing of the off-grid PV system 
supplying the UIPS based on parallel MPPT is 
performed. 

 
 

7 Discussion 
The system efficiency analysis presented in section 
4 showed that the efficiency improvements in 
parallel MPPT configuration over series one is not 
justified for all applications. It was shown that the 
efficiency improvements depends on the amount of 
load daytime energy contribution with respect to the 
total daily energy consumption. So, for standalone 
applications with high daytime energy contributions 
it is advised to use the parallel MPPT configuration, 

WSEAS TRANSACTIONS on POWER SYSTEMS 
DOI: 10.37394/232016.2022.17.2

Mostafa El-Sayed, Ahmed Huzayyin, 
Abdelmomen Mahgoub, Essam Abulzahab

E-ISSN: 2224-350X 18 Volume 17, 2022



this amount is roughly around 50%. The accurate 
percentage could be calculated as shown in section 
4. 

 
The nature of the input interfacing power 

converter of the UIPS loads , such as LED [24], 
allows for two operating features which was well 
utilized in this paper to match the operating 
behavior of parallel MPPT configuration and 
directly connect UIPS load to the main DC bus. 
These two features are the wide operating input 
voltage window and the capability to be operated 
from DC source. These two features allows for 
directly suppling the UIPS loads from the DC bus of 
the parallel MPPT configuration, provided that well 
sizing of PV string is done, as shown in section 6.1. 
Suppling UIPS load from the main DC bus directly, 
allows the elimination of the DC/AC inverter stage 
which is typically used in standalone PV systems 
feeding the UIPS loads, which enhances overall 
system efficiency and reliability. 

 
 

8 Conclusion 
In this paper, an assessment procedure to assess 
efficiency improvements of parallel MPPT 
configuration over series one based on the load 
power profile is introduced. The assessment 
procedure showed that if the daytime load energy 
consumption is lower than 50% of the total load 
daily energy, the series MPPT configuration will be 
preferred over parallel MPPT from an energy 
efficiency perspective. Moreover, a new utilization 
of the parallel MPPT configuration is introduced to 
supply the UIPS load. This utilization eliminates the 
DC/AC inverter stage which increases the overall 
system efficiency and reliability, however this 
elimination is valid only for UIPS loads. Finally, a 
detailed design procedure for a parallel MPPT 
feeding UIPS load is presented, along with a 
detailed case study. 
The future work for this research is to implement 
hardware setup for a small prototype with UIPS 
loads. 
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