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ABSTRACT 
This paper presents a flexible architecture of a PV power conditioning system with energy storage. The proposed 

conditioning unit contains a boost converter (BC), a single-phase inverter, and a bidirectional dc/dc converter 

connected to the PV side of the BC. The BC regulates the dc-link bus-voltage. The bidirectional dc/dc converter 

endures battery bank charge/discharge control and PV maximum power point tracking (MPPT). Such architecture 

guarantees non change in controller configuration when the storage disconnects. Therefore, the previously needed 

supervisory controller is eliminated. A system control strategy based on sliding -mode control (SMC) ensures a 

reliable output voltage regulation such as fast dynamic response, small steady-state error, and low total harmonic 

distortion (THD) under step changes and nonlinear loads. The controller structure, the dynamic behavior, and the 

design procedures are introduced. The proposed system is designed using MATLAB software for analysis. 
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1. INTRODUCTION 

Solar energy is considered to be one of the most effective resources, attracting much attention due to its ubiq uity and 

sustainability. Stand-alone photovoltaic system (SPVS) is one of the popular applications in photovoltaic (PV) 

generation and has highly practical values in off-grid areas. Such areas are categorized as microgrid, including 

remote areas, desert and border-outpost moveable military equipment, street light systems, etc. However, the power 

generation is significantly influenced by the light intensity and the temperature. In addition, PV cells cannot store 

the energy inside; thus, an energy storage device is normally required to balance the energy of the PV systems. 

In such types of distributed-sourced microgrid systems, the multiple connection issues of the SPVS to grid have 

been considered previously and some solutions using droop control methods have  been provided. In the design 

procedure of the individual SPVS architecture, one of the major concerns is the need of a high output dc -voltage bus 

(400 Vdc) inside the individual SPVS to supply the following inverter from the low voltage power sources. Sin ce a 

commercialized battery bank voltage is relatively low, such as 12, 24, or 48 V, a power conditioning unit (PCU) is 

required to interface the battery to dc-link bus with high step-up ratios. This issue has led to many multiple stage 

PCU topologies. 

A conventional topology used widely for an SPVS, including an energy storage device connected with the dc link 

through a bidirectional dc–dc power converter was proposed Fig. 1 (a).  

This power converter acts as a step-up converter when the stored energy flows from the battery bank to the dc-link 

bus (discharging mode) and as a step-down converter when the energy flows from the dc link to the battery bank 

(charging mode). The controller regulates the dc-link voltage and another dc–dc converter associated with PV 

source performs an maximum power point tracking (MPPT) operation for the PV source. As aforementioned, 

because the dc-link bus voltage is usually very high (for most applications), the bidirectional dc–dc converter needs 

to have a high step-up gain along with a high efficiency. It is difficult to achieve the high efficiency and the high 

gain simultaneously in conventional bidirectional dc–dc converters due to the losses in semiconductor devices, 

leakage inductance, and other parasitic elements. 
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Another traditional stand-alone PV system architecture is that whereby the energy storage device (battery) is placed 

between the first dc/dc and the dc link, or the battery is interfaced with the dc link by the second dc/dc converter 

shown in Fig. 1.1 (b). In case without the second dc/dc converter, the first dc/dc converter performs MPPT while the 

dc/ac inverter regulates the ac output voltage.  

 

Fig-1: Convectional circuits of the SPVS proposed in previous literature. (a) Storage-to-dc link [24]. (b) Storage-in-

the-middle. (c) Multiple-port input 

Despite the advantages of this configuration (such as reducing the number of power converters), it also has some 

disadvantages such as a high-voltage battery, which leads to stacking up of the multiple battery modules. 

Furthermore, the battery current is uncontrollable; thus, when the load changes abruptly, it often damages the battery 

due to the large transient current. Also, there can be a small cycle of charging and discharging in the battery from the 

consistent power flow during the operation, which causes a serious reduction of battery lifetime. 

In order to overcome these drawbacks, the secondary dc/dc converter is normally added to this configuration. 

However, the battery is still involved in energy conversion, affected by load disturbance directly, which could 

seriously affect the battery life-time and utilization. Recently proposed topology of an SPVS is classified as a three-

port converter as shown in Fig. 1. (c). The main advantages of this topology are the low voltage stress across the 

active switches, the low input current ripple, etc. However, the architecture and the control method are quite 

complex and the control architecture is difficult to instantaneously adapt for multiple mode variation. In addition, a 

multiport ac link, proposed by Amirabadi et al. [35] as an alternative configuration for SPVS, is a configuration that 

utilizes many high-frequency switches, which leads to low efficiency of the overall system. Main advantages of this 

topology are the low voltage stress across the active switches, the low input current ripple, etc. However, the 
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architecture and the control method are also quite complex and the control architecture is difficult to instantaneously 

adapt for multiple mode operation, as well. 

In this Paper, a flexible system configuration for an SPVS with an energy storage device is proposed. 

 

Fig-2: Topology of the storage-to-PV SPVS. 

The principle of the proposed architecture and its advantages and operating modes are described in Section II. Th e 

PV modeling, small signal model, and control strategy of the converters are analyzed in Section III. An analysis of 

the strategy of the dc/ac using slidingmode control (SMC) method is presented. 

2. PROPOSED PV-STORAGE SYSTEM ARCHITECTURE 

The proposed SPVS is shown in Fig. 2 and consists of a PV panel, batteries, two converters, and a single -phase 

dc/ac inverter. The boost converter (BC) is used to maintain the dc-link voltage, while the charging or discharging 

mode of the bidirectional dc/dc converter is applied to track the MPPT of the PV array when the available PV power 

is insufficient to meet the load. Therefore, the two dc/dc converters in the system need to be coordinated by an upper 

level controller. One of the key features of the proposed stand-alone system is that the storage subsystem is 

connected to the PV module directly. This configuration provides a flexible smooth operation for the system, since 

the role of the main PV power stream and that of the storage subsystem are clearly separated from eac h other. The 

system could work with and without battery both, without any major mode change in the local controllers, which is 

preferable from industrial point of view.  

The proposed system architecture makes the switch between the different modes of opera tion smooth and simple 

without the need for supervisory controller. Furthermore, this arrangement provides more flexibility in choosing the 

battery’s nominal voltage with a reasonable step-up ratio. It also stores the excess PV energy in the battery to 

balance the system and supplies the instantaneous peak power demand. One of the main concerns in the previous 

architecture is the battery voltage, which needs stacking up of multiple packs to enhance the voltage range. Actually, 

the stacking up requires a balancing circuit, a so-called charge balancer, which makes the system structure more 

complicated, resulting in an undesirable configuration in terms of the size and cost competitiveness. Also, some 

safety issues are observed, whereby the high-voltage dc lines can cause fatal damage to the human body since the 

battery is alive even during the main power system turn-off; the voltage range should therefore meet the electrical 

safety standard and regulations of the IEEE and the IEC. 
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Fig-3: Block diagram of the overall system configuration of the SPVS.(a) Power stage. (b) Control strategy  

Therefore, the proposed scheme is more desirable for the PV-storage combination system. In the previous section, it 

has already been seen that the battery voltage in the convent ional schemes should be greater than 100 V because of a 

fundamental characteristic that the bidirectional converter (BDC) should discharge the  battery energy to 400 V dc 

link. The requirement removes all the advantages of the low-voltage battery and the flexibility from the conventional 

architectures. Five flexible operation modes are possible for the proposed scheme. These modes depend on the 

power producing and energy-storing conditions, as follows. 

1. Mode I—PV-storage connected (PMPP  < Pload): The PV is not enough to meet load demand, so the battery 

bank is discharged to meet the load demand. The BDC discharges the stored energy to the input of PV PCS, 

and the BC enhances PV voltage up to the 400 V dc link. 

2. Mode II—PV-connected (PMPP  < Pload): If the battery becomes fully discharged, or when the battery bank is 

removed, the system enters the non-MPPT mode or under voltage lockout and shuts down. 

TABLE-I: Operation Modes 

 

3. Mode III—PV-storage connected (PMPP  > Pload): The harvested power exceeds the load and the battery is 

charged with the excess power, until the battery is fully charged. Electric power can flow from the PV 

source to the load as well as charge the battery. 
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4. Mode IV—PV-connected (PMPP > Pload): If the battery is fully charged, the battery bank s hould be 

disconnected from the PV power conditioning system. The MPPT must be disabled (non -MPPT), and the 

PV voltage reference is set at constant to hold the CPV voltage, providing the load-power tracking. 

5. Mode V—Battery-connected (nighttime): When PV sources do not produce sufficient power for the load, 

for example, at night or on a cloudy day, the PV modules are disconnected from the power conditioning 

system. Pload is provided only by the battery through cascading the BC, BDC, and full-bridge inverter. Such 

a cascaded operation makes it possible to step up the voltage from 24 Vdc, given by the battery bank, up to 

400 Vdc to feed the dc/ac inverter and the load. The PV-voltage loop reference of the control loop of the 

BDC switches simply to a constant value instead of the perturbed step of MPPT. 

The summary of operation modes is shown in Table I. Fig. 3 shows the flexible system configuration to realize each 

mode. In order to ensure the previous multistage power conditioning system such as SPVS operations with a stable 

response and a negligible steady-state error, some complex controllers were proposed previously. Among the 

proposed controllers, a linear controller based on proportional-integral-derivative (PID) was widely used and 

discussed. However, since these controllers require precise linear mathematical models, the PID family of 

controllers does not perform satisfactorily under parameter variation, nonlinearity, load disturbance, etc. Thus, in the 

previous literature, various control laws were proposed to handle the issue. One of the state-of-the-art technologies 

for the troubleshooting is to use a nonlinear controller in order to improve the power quality under arbitrary loads.  

In this paper, a novel strategy that combines a multi-loop proportional-integral (PI) controller and an SMC law is 

presented. The multi loop PI is used to control the operation of the dc/dc converters, whereas the SMC law is 

utilized for the output regulation of the dc/ac inverter due to its robustness and good performance with any type of 

unknown arbitrary load. In this paper, a simple algorithm of SMC that is easy to implement using digital signal 

processor (DSP) is applied. In this paper, all the power converters used for the SPVS as shown in Fig. 3(a) operate at 

20 kHz switching frequency. The overall control strategies of the SPVS are shown in Fig. 5.3(b). This system has a 

number of advantages. First, the flexibility for various types of operating modes, with and without energy storage, is 

strongly guaranteed without the control configuration change. Second, the system can be applied even with a single 

24 V commercial battery without any extra connection. The key feature of the configuration is that the control part 

[see Fig. 5.2(b)] does not change, even though the power stage varies according to the operating modes. The feature 

guarantees large flexibility and compatibility to the system. 

3. DC/DC CONVERTER CONTROLLER 

In this paper, a generalized small signal model is derived for the BC and BDC, including an input PV source, wh ich 

has not been fully discussed in previous studies. In order to design the optimized controller using a bode plot, the 

small signal transfer functions from the duty cycle to the inductor current and from the duty cycle to the output 

voltage of BC and BDC are defined as Gid BC(s); Gid BDC(s); Gvd BC(s); and Gvd BDC(s), respectively. 

The dual-loop control strategy is more efficient than other techniques in achieving fast dynamics under the stability 

orientation for BC and BDC [36]. Fig. 5.4 shows the schematic diagram of the dual-loop control structure in the s-

domain. From the following sections, small-signal modeling will be performed for the derivation of the transfer 

function, which will be utilized for the equations of the digital-controller design. 

 

Fig-4: Schematic diagram of a two-loop controller for BC and BDC. 
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4. DC/AC INVERTER CONTROL 

Due to the availability and low cost of advanced digital signal processors, digital control strategies based on 

repetitive control [41]–[42], dead-beat control, and synchronous reference frame voltage control (SRFVC) [43] have 

been proposed recently. Digital repetitive and dead-beat controllers can reduce the harmonic distortions of the 

nonlinear loads because of their excellent ability in eliminating periodic disturbances. However, in practical 

applications, with non periodic disturbances, these techniques show a limitation of poor tracking accuracy. The 

SRFVC exhibits excellent dynamic performances in the control of the instantaneous inverter output voltage. Despite 

the advantages, however, these techniques suffer from the complexity in designing the controller, requiring large 

amount of computations. 

In order to ensure high performance and high flexibility of the proposed SPVS, an SMC method is utilized in this 

paper for controlling the output voltage of the dc/ac inverter with arbitrary nonlinear loads. In general, the SMC has 

―reaching mode‖ and ―slidingmode”. In the reaching mode, a reaching control law is valid to rapidly drive the state 

variables into the sliding surface. When the system states are on the surface, the system is under the sliding mode 

applying an equivalent control law to drive the states on the surface into the origin. When the sliding mode, the 

robustness of the inverter is guaranteed and the dynamic responses depend on the slope of the sliding line. The 

control signal is compared to the pulse width modulation ramp and generates the appropriate switching pattern of the 

inverter. Fig. 5 shows a block diagram of the SMC implemented. 

 

Fig-5: Block diagram of the SMC implemented in MATLAB 

TABLE-II: Circuit Parameters 

 

TABLE-III: Circuit Parameters Used In Pv Design 

 

The table II and III represents the list of parameters used in simulation in designing the proposed circuit SMC 

controller. 
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5. SIMULATION OF THE PROPOSED WORK 

 

Fig-6: MATLAB design of the proposed system using Sliding mode controller 

 

Fig-7: MPPT control Solar PV system 

 

Fig-8: Equivalent circuit of Solar PV system used in MATLAB design of PV system 
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Fig-9: Output voltage and current of Proposed system using SMC 

 

Fig-10: Input, Output parameters and Duty pulses  

 

6. CONCLUSION 

In this paper, the dynamic-response analysis and the controller-design procedure of the flexible SPVS, including the 

lead-acid batteries as the energy storage devices, are studied. Both dc/dc converters are successfully controlled in a 

variable operation condition, and the control strategy achieves fast and accurate control of the inverter output 

voltage, even with nonlinear loads and step-load changes. From the proposed control architecture of the PV-storage 

system, multiple operating modes such as PV-only, storage only, and PV-storage coupled are allowed without any 

instantaneous control configuration changes. The simulation tests are verified by utilizing a 36-V battery bank; 

actually, the SPVS can also operate well when associated with a 24 V commercial single battery. The proposed 

topology, along with its control strategy, is very practical because of the flexibility of the configuration and the 

controlling strategy of the bidirectional dc/dc converter and dc/ac inverter is simple and strong. As a result, it is 

compatible with a conventional PV or battery systems without any control configuration modification. This topology 

is highly promising for a commercial product of PV conversion systems. 
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