
Abstract: This paper proposes a technique for the energy management of a stand-alone photovoltaic system. The 
proposed system employs a power processing inverter that has a high PV voltage at the input to mitigate the 
magnitude of AC signal at the output, thus eliminating the use of DC-DC converter and reducing the input capacitor 
size of PV array. To meet the power requirement of load and to maintain the maximum power point operation of PV 
array, a battery bank is utilized with a bi-directional converter. An impedance model of the complete system is 
executed. Based on the model, the control architecture is designed which works in four modes: 1) if load demands 
> MPP of PV, additional current is extracted from the battery; 2) if load demands < MPP of PV array, extra current 
is given to the battery; 3) only load management is utilized since the battery bank is not available because of over- 
charging or under-charging; 4) if irradiation varies then the first mode is used for load requirement. The technique is 
designed which guarantees the maximum power point tracking of the PV system even without using any intermediate 
stage of a DC-DC converter, hence making it a single-stage system. MPPT is achieved by effectively controlling the 
bi-directional converter used for battery charging and discharging purposes. To ensure better utilization of dc voltage, 
enhanced efficiency, and low less harmonic distortion, a sinusoidal PWM technique is used to drive the inverter. 
Simulation results are carried out for ensuring better energy management along with MPPT operation demonstrated 
under uniform operating conditions. 
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1. Introduction 

Photovoltaic (PV) systems are known for serving as one of the leading renewable energy sources. This is mainly due 
to the fact that as compared to other power sources, they are not only cost-effective but also environment friendly, hence 
giving their unique role in clean energy [1] in the presence of polluting energy sources which are destroying not only the 
atmosphere but also human health. It was estimated that by 2017 the world will get about 400 GW of power from PV 
systems [2]. Among many types of available PV systems such as on-grid, hybrid, and off-grid/stand-alone, standalone 
PV systems have their huge contribution in remote or rural areas not only for electrification but also for irrigation purposes 
because of no electricity availability. A stand-alone PV system suffers from various issues. For example, to maintain an 
uninterruptable power supply (UPS), a constant energy source is required. PV systems are mainly dependent on 
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environmental conditions, e.g. solar irradiance. Solar irradiation is not available at nights; also passing clouds can stop 
sunlight to reach earth in the day time (means irradiation is varying in the day time); also, it is not possible to obtain 
maximum power point (MPP) and regulated power supply at the same time [3], [4]. So, to attain UPS, not only there is  
a need for some backup supply (for the night and cloudy time) but also there should be some way to harvest maximum 
possible energy from the system (in cloudy or shaded time). 

As load requires 220 V or 440 V and a single PV module can only provide 18-45 V (depends upon specs.), so there 
is a need to add a boost DC-DC converter which gives high voltage gain at a cost of reduced efficiency. To solve the 
UPS problem at night, it is essential to use battery [5], [6] to store excess energy, and to act as a backup energy source in 
case of less or no sun irradiations. But batteries have their own problems, i.e. they are costly; they require frequent 
maintenance and need to be changed after some time. Also, to support high voltage systems, batteries have to be 
connected in series, which is not a good option as it causes overcharging and deep discharging problems, hence reducing 
battery life [5]. 

As PV modules have nonlinear characteristics [7] to harvest maximum possible energy during low irradiance or 
cloudy days, there is a need to trace the PV curve and find out the point where it gives maximum power. This can be 
done by an algorithm named the maximum power tracking algorithm (MPPT). In the literature, many MPPT techniques 
[8]-[12] are proposed. All have their own advantage and disadvantages. Among all, one thing must be noted that without 
battery backup, it is not possible to achieve MPPT. In all the proposed MPPT techniques, MPPT is achieved by varying 
the duty cycle of the DC-DC converter. This work is based on a single-stage topology and proposes a method to find 
MPPT without using a DC-DC converter stage. 

Mainly two types of topologies are in use in PV systems, namely a single-stage topology and a two-stage topology 
[13]. Fig. 1 shows a two-stage topology consisting of a DC-DC converter (boost) stage before inverter, thus forming two 
power processing stages giving an advantage of low system voltage, however increasing system losses. In contrast, single- 
stage systems are those in which series-combination of PV modules are used to form high voltage that may save from 
having an extra power processing stage of dc-dc converter saving roughly 10% losses [14], [15]. Fig. 2 shows a single- 
stage PV system which is considered the best candidate for an efficient PV system. 

 

 
Fig. 1 - A two-stage PV system [13] 

 

 
Fig. 2 - Single-stage PV system [13] 

 
In the literature, a lot of work is done on a standalone PV system. In [16], a standalone system utilizes battery backup 

but it uses dump load to waste excess power in the battery and did not use any mechanism to handle this power. Reference 
[17] proposed a standalone PV system with only mechanical tracking and without battery. Reference [18] also proposed 
a system but it did not discuss battery managing in case of excess power and overcharging, etc. Reference [19] proposed 
a system for a water pumping application without battery backup. References [20], [21] proposed a flyback converter 
system [22], [23] using the P&O algorithm realized by using hill-climbing algorithms that come with the disadvantage 
of continuous power oscillations. Moreover, in large step sizes, these oscillations may increase further. In all these 
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mentioned references, there is no discussion on the power efficiency of the system, voltage regulation, and losses due to 
the transformer. Reference [24] proposed a hybrid MPPT topology using a flyback converter but did not discuss losses 
caused by flyback inverter, output voltage range, and voltage regulation. Also, it did not signify what happens if the load 
varies and its working without battery. In [25], Das et al. did not include anything about the single-stage system. 

In light of above-mentioned facts, this paper proposes a single-stage stand-alone PV system which not only 
overcomes above-mentioned problems of a two-stage system but also provides a new way to model a single stage 
standalone PV system by using a new technique named impedance modeling which is capable of achieving MPPT without 
any additional stage of DC-DC converter as adopted in a conventional standalone PV system. Also, ac output voltages 
are regulated at the desired value by varying duty cycle (D) of a bidirectional DC-DC converter (used for battery charging 
and discharging) and modulation index (M) of an inverter. The study is performed in Powersim (PSIM) software where 
the proposed impedance model and voltage regulation at 220 V are verified. Also, both simulation and theoretical results 
are compared. 

 
2. The Proposed System 

Fig. 3 shows the block diagram of a single-stage stand-alone PV system to be followed in proceeding work. 
 

Fig. 3 - Single-stage stand-alone PV system 
 

It consists of a series-connected string of PV panels to obtain high voltage which is forwarded to an inverter for the 
conversion to AC, and excess power is transferred to battery for charging. 

 
2.1 PV and Inverter Impedance Model 

This is a new technique proposed in this work to develop a relationship between PV output and load (according to 
load by controlling the duty cycle (D) and modulation index (M) of bidirectional DC-DC converter and inverter, 
respectively). First of all, the impedance model of a simple single-stage PV and inverter is derived. It is then extended to 
a standalone PV system that includes a battery as well. Fig. 4 describes a system that consists of a PV module and inverter 
with the load attached. 

 

 
Fig. 4 - PV and inverter 
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From Ohm’s law, the current would be 
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Rearranging (4) for the value of R: 
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The relation between inverter peak voltages and RMS voltages is given by: 

 
 
 

Putting (6) in (5) gives: 

= Vrms 
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(6) 

Rpv  =  2 L 
p 

(7) 

Inverter peak voltage VP and PV voltage are related by (8), where M denotes the modulation index of an inverter. 
 

VP = MVpv (8) 
 

∴ Rpv = 
M 2 RL (9) 

Equation (9) describes that the modulation index (M) of the inverter is inversely proportional to PV or MPP voltage 
given by Vmpp = Impp RPV . It can be seen by varying modulation index, MPP voltage can be adjusted. In certain cases, 
MPPT can be achieved by only adjusting M (described in mode 4 in the next session). 

 
2.2 PV, Inverter and Battery Impedance Model 

In the former section, the impedance model of PV and inverter was derived while in this section the impedance 
model of PV, inverter, and battery is derived (see Fig. 5). 

 

 
Fig. 5 - PV inverter and battery 

2 

2 2 

V
 



G. Abbas et al., Int. J. of Integrated Engineering Vol. 12 No. 8 (2020) p. 176-190 

180 

 

 

= + 

( 

 
 

Consider Fig. 5, from the parallel resistance rule, we have 
1 1 1 

(10) 
Req Rpv Rbatt 

 

Putting the values for Rpv and Rbatt , which are battery and PV resistances respectively, we have 
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Also, from (9) 
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Putting (9) in (13) gives 
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It can be seen from Fig. 5 that battery output voltage is equal to the on-load voltage of PV. That is to say: 
 
 

Equation (15) becomes  

Vob = Vmpp 
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Input and output current for battery in terms of the duty cycle are related by (19): 
 

This gives  

Iout = (1− D)Ibatt (19) 

Vmpp = 2RL I 
M 2 mpp + (1− D)Ib ) 

 
(20) 

Equation (20) describes the relationship between three components of the whole standalone single-stage PV system, 
i.e., PV, battery, and inverter. It shows that in any standalone PV system with an inverter, by finding load resistance and 
PV current and voltage, it is possible to find out the duty cycle according to battery current. To carry on the above 
procedure, it is required to find out load resistance which can be done by finding out load voltage and load current. 
Secondly, by finding out PV voltage and current, and then putting these values in (20), it leaves with only battery current 
and duty cycle D; knowing required battery current, we can find out the duty cycle at which the system will operate. As 
can be seen that D is directly proportional and M is inversely proportional to PV voltage, so we can change either M or 
D to select PV voltages. 

 
2.3 Modes of Operation 

Above derived impedance model is verified assuming four basic modes of operation of the standalone PV system 
which are described below: 

1. In Mode-1, if the load is demanding more power than PV can produce at MPP, the required power would be 
taken from the battery through the bidirectional converter if the battery is fully charged. 
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2. In Mode-2, if the load is demanding lesser power than PV can produce at MPP, excessive power is used for 
charging of battery through the bidirectional converter. 

3. In Mode-3, let the battery is fully charged and PV is providing more power than load demands. In this case, deal 
with only PV power and load for load management or ac voltage regulation by varying modulation index (M). 

4. In Mode-4, if the sun’s irradiation level decreases, the system should share the required load power from the 
battery while operating PV at MPP at available irradiation. 

 
3. Simulation Results 

The simulations were done in PSIM software where a 60 W PV module model is utilized from the internal library 
whose datasheet is shown in Fig. 6. As no DC-DC converter is used, so to get 220 V RMS at inverter output, a series 
configuration of PV modules is used while assuming M = 0.85 and battery voltage = 24 V. 

 

 
Fig. 6 - Datasheet of a 60 W PV module (PSIM) 

 

As already remarked,  
 

VP   = 

 
⇒ Vpv 

 
 
2 Vrms = MVpv 

 
= 

M 
 

∴Vpv = 
2 × 220 = 366 V 
0.85 

Hence to produce an ac output voltage of 220 Vrms, PV modules need to ensure 366 V which can be achieved by 
connecting them in series (parallel arrays would be selected according to load power) at M = 0.85. PV power at MPP is 
given as 

 

Pmpp = Vmpp Impp = 17.1× 3.5× 22 = 1316 W 
 

All the above-described modes are discussed/simulated here one by one to prove above-derived relations. 
 
3.1 Mode 1 

As described above, if required load power is greater than that of the PV-produced at MPP, excess power has to be 
taken from a bi-directional converter by turning on boost mode of the bidirectional converter. Figs. 7 and 8 show ac 
output voltage and current waveforms. From these, load resistance can be calculated as follow: 

 

R   = Vload 

Iload 

= 219 
10.98 

= 19.94 Ω 

2 Vrms 
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Fig. 7 - Load voltage (Mode 1) 
 

 

Fig. 8 - Load current (Mode 1) 
 

From Figs. 7 and 8, it must be noted that the required load power is 2305 W, while PV is just able to provide 1316 
W at MPP. This condition gives rise to the fact that the system gets overloaded and collapsed and PV modules do not 
operate at their MPP. In this case, the battery needs to operate at a specific duty cycle. The duty cycle (D) is calculated 
to be: 

Vo 

Vin 

= 366 = 
24 

1 
 

 

(1− D) 
 
 

The duty cycle is varied slightly to get MPP. Also,  

⇒ D = 0.934 

Vmpp = 2RL I 
M 2 mpp + (1− D) Ib ) 

 

367 × 0.852   

= 3.55 + (1− D) I 
2 ×19.94 b 

6.64 = 3.55 + (1− D) 

Ib (1− D) Ib = 3.09 

(1− 0.938)Ib = 3.09 

⇒ Ib = 49 A 

where Ib is the battery current required to aid PV source in the case when PV is not providing enough power to the load. 
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Figs. 9 and 10 show voltage and current waveforms at MPP; Fig. 11 shows power at MPP; Fig. 12 shows the current 
required from the battery to achieve MPP by varying the duty cycle of the bidirectional converter. This battery current 
could be varied. 

 

Fig. 9 - PV MPP voltage 
 

Fig. 10 - PV MPP current 
 

 
Fig. 11 - PV MPP power 
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Fig. 12 - Battery current at MPP 
 

Comparing (20) (that gives battery current) and Fig. 12, it can be seen that the theoretical current required from the 
battery is exactly in accordance with simulation results, thus proving the authenticity of (20). 

 
3.2 Mode 2 

In this mode, if the load requires lesser power than the one produced by PV, excess power is transferred to battery 
for charging. For this mode, the load resistance is assumed to be 128 Ω and the required power by the load is 376 W, 
while PV is able to provide 1300 W at MPP. So, this excess power is transferred to battery keeping in mind MPP is not 
disturbed. So, in this case, the battery is charged by turning on buck mode of DC-DC converter at the duty cycle calculated 
to be: 

 
 
 

This gives  

D = Vout = 
Vin 

24 
 

 

366 
= 0.0655 

Vmpp = 2RL I 
M 2 mpp + (1− D) Ib ) 

 

368× 0.852   

= 3.55 + (1− D) I 
2 ×128 b 

1.03 = 3.55 + (1− D) Ib 

(1− D) Ib = −2.51 
 

From buck converter, it is known that  
(1− D)Ib = Ibatt ,in 

 

The comparison of the above two equations results in 
Ibatt ,in  = −2.51 

This is the current that enters from the high voltage side of the bi-directional converter. Here negative sign indicates 
reverse power flow for charging. Current going in the battery for charging is given as 

 
Ib  = DIbatt , in  ⇒ 2.51 = 0.081× Ibatt ,in 

∴ Ib  = 30.9 A 

As can be seen from Figs.13 to 15, PV is operating at its MPP parameters consuming all power in load and battery 
charging at MPP. Also, the simulation result in Fig.16 verifies the theoretical result of the battery current. 
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Fig. 13 - PV MPPT voltage 
 

Fig. 14 - PV MPPT current 
 

 
Fig. 15 - PV MPPT power 
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3.3 Mode 3 

Fig. 16 - Battery charging current 

This mode is the same as the previous one but in this case, the battery is assumed to be fully charged, and to save it 
from overcharging, it is disconnected. So, the duty cycle is not available for controlling. In this case, there is no need to 
care about MPP, but only the modulation index (M) has to be changed to regulate the output voltage. By formula given 
below 

 

 
 

and 

VP = MVPV ⇒ Vrms 

 
PL = VL × IL 

= MVPV 

⇒ PL  = 220 × 4.40 = 968 W 
 

Load power is 968 W and the PV system may generate 1300 W. So, due to the nonlinear nature of the PV curve, PV 
voltage would become 420 V as shown in Fig. 17, while it should be about 366 V. This phenomenon is shown from Figs. 
17 to 19. 

 

 

Fig. 17 - PV voltage 
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Fig. 18 - PV current 

 
 

Fig. 19 - I-V curve 
 

Also, in this case, the modulation index is kept at 0.85 and the output voltage at about 250 V. To mitigate the 
amendments in the voltage to keep it regulated as the load changes, it is essential to keep monitoring PV voltage and 
varying modulation index. However, in this mentioned case, the modulation index has to be decreased to 0.74 (as 
calculated from (8)). 

 
3.4 Mode 4 

In mode 4, if irradiation level falls, then the system has to share power from the battery which was done in mode 1. 
So, the results are the same as that of mode 1. In each case mentioned above, the impedance model is verified from the 
simulation as well as theoretical results, and MPP is achieved. 

 
3.5 Effect of Varying Modulation Index on Vmpp 

As already observed, as modulation index is increased, PV voltage may decrease to achieve the same 220 V load 
voltages as is evident by the formula given below: 

VP   = MVpv 

A graph (see Fig. 20) is developed to analyze the effect of M on the input voltage to obtain a constant 220 V. 

0.2 0.4 0.6 
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Fig. 20 - Effect of M on MPP voltage 
 

The effect of M on voltage and number of series modules is summarized in Table 1 as well. From Table 1, it is clear 
that as M increases, Vmpp decreases. If the system is operating at a high value of M, then the lesser number of series 
modules has to be connected in series, ensuring the advantage of using high M. However, to increase output power, more 
arrays have to be introduced. Reference [26] suggests that at a high modulation index M, THD of output decreases as is 
evident from Table 2. 

 
Table 1 - Effect of M on voltage and number of series modules 

 
Load Voltage No. M 

 
Vmpp 

60 W Modules 
in Series 

Vload = 311 Vp − p 

or 
1 0.65 478 V 28 
2 0.707 440 V 25 

Vload = 311 1.4143 
= 220Vrms 

3 0.85 366 V 22 
4 0.95 327 V 19 

Table 2 - Variation of THD by varying M 
 
 
 
 
 
 
 
 
4. Conclusion 

 
 

 

M THD% M THD% 

0.3 7.45% 0.75 3.12% 
0.4 9.74% 0.8 3.42% 
0.5 5.13% 0.85 2.58% 

0.55 5.24% 0.9 2.08% 
0.6 6.03% 0.95 2.20% 

  0.65 3.74% 1.0 2.81%  

This paper describes a novel modeling technique for standalone PV systems. Moreover, the system utilizes a single- 
stage to overcome the drawbacks of using a two-stage converter topology. Single-stage is achieved by connecting some 
PV modules in series to get high voltage. Four operating modes are introduced to validate the proposed technique. 
Bidirectional DC-DC converter acts as a battery charger and discharger. MPPT is achieved by varying the duty cycle of 
the converter instead of adding a separate DC-DC converter, thus resulting in high gain and efficiency. The proposed 
modeling technique is validated by the simulation results. This work can be enhanced by using a sophisticated feedback 
control system, modeling some other types of PV systems such as on-grid and hybrid PV systems, and investigating 
partial shading effect on model and method to mitigate them. These issues are currently being investigated and will be 
discussed in the next paper. 
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