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Abstract :The still increasing penetration of grid connected photovoltaic (PV) systems, advanced active power control 

functionalities have been introduced. A reserve power control, where namely the active power from the PV panels is 

reserved during operation, is required for grid support. A cost-effective solution to realize the reserve power with two-

stage grid-connected PV systems is proposed. The proposed solution routinely employs a maximum power point tracking 

control to estimate the available PV power and a constant power generation (CPG) control to achieve the reserve power. 

In this method, the solar irradiance and temperature measurements that have been used in conventional reserve power 

control schemes to estimate the available PV power are not required, and thereby, being a sensor less approach with 

reduced cost. At the grid side, the stored energy in the DC link is adaptively controlled to minimize the power fluctuation 

during the available PV power estimation process, where the excessed energy is temporarily stored in the DC link. Have 

been performed on a 3-kW two-stage single-phase grid-connected PV system. 

 

Index Terms–Active power control, constant power generation (CPG) control, grid-connected power converters, maximum 

power point tracking (MPPT), reserve power control (RPC), photovoltaic (PV) systems. 

 

1. INTRODUCTION 

In recent decades, the penetration level of photovoltaic (PV) systems has been continuously increasing, especially for grid-

connected applications [6]-[10]. Several advanced active power control strategies have been defined [4]–[9], where the PV system 

is expected to be more active in the power network beyond a purely power-generating unit. One of the advanced functionalities in 

grid-connected PV systems is to reserve active power for potential grid voltage or frequency regulations [9], [2]–[9], where a 

certain amount of active power is reserved during operation. The reserve power control (RPC) can be adopted for potential 

frequency regulation during a short period [6]–[16]. Energy storage devices are normally employed to realize the reserve power in 

PV systems [11]–[16]. However, high cost and limited lifetime are the two main drawbacks, which makes this solution not so cost 

effective, and also becoming the main driving forces for advanced control solutions with reduced cost and complexity [10]. In 

order to do so, the modified maximum power point tracking(MPPT) algorithm has to be able to regulate the PV power𝑃𝑝𝑣 at a 

certain power limit 𝑃𝑙𝑖𝑚𝑖𝑡, as it has been proposed in [5]-[17] To achieve the RPC strategy, The set-point 𝑃𝑙𝑖𝑚𝑖𝑡has to be 

calculated by subtracting the availablePV power 𝑃𝑎𝑣𝑎𝑖with the required amount of reservepower∆Pas 

                                                  PPV = Plimit = Pavai − ∆P                                                                                            (1) 

In light of the aforementioned issues, it calls for a cost effective and simple solution to realize the RPC strategy. The proposes a 

reserve power control (RPC) strategy to fill out this gap, where the solar irradiance measurements are not required for the 

available PV power estimation. The proposed solution routinely employs the MPPT operation to measure the available PV output 

power, which is simple and more generic [29]. Then, the PV output power is regulated according to the required amount of the 

reserve power by means of a constant power generation (CPG) strategy [12],[13]. At the grid-side converter, the stored energy in 

the DC-link is also adaptively controlled to buffer the PV power increase during the MPPT operation, and thereby, keep the 

injected AC power to follow the required reserve power profile. The proposed approach can overcome the limitation in [30], 

where the RPC constraint cannot be maintained during the MPPT operation. 

. 

2.SYSTEM DESCRIPTION OF TWO-STAGE PV SYSTEMS 

 

The system configuration of a two-stage grid-connected PV systems is shown in Fig. 1. This two-stage configuration is widely 

used in the residential/commercial PV systems [21], [22], where it consists of two power converters: 1) the PV-side DC–DC boost 

converter and 2) the grid-side DC–AC inverter. Basically, the boost converter is responsible for extracting the PV power 𝑃𝑃𝑉, 

which isachieved by regulating the PV voltage 𝑉𝑃𝑉 at the correspondingoperating point in the power–voltage (P–V) the VMPPfor 

the MPPT operation. Then, the grid-side converter, which is realized by a full-bridge topology, delivers the extracted PV power to 

the AC grid by regulating the DC-link voltage 𝑉𝐷𝐶 to be constant through the control of the grid current. In this case, a bipolar 

pulse width modulation technique is used in order to eliminate the common-mode voltage, and thus, minimize the leakage current 

[24]. This is a common requirement for transformer less PV applications. In addition, the grid-side converter also requires a 

proper synchronization of the injected current with the grid voltage by means of phase-locked loops, and ensures the power 

quality of the injected grid-current with harmonic compensators being implemented. 
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Fig. 1 System configuration and control structure of a two-stage grid connected 

PV system with the RPC strategy 

 

In fact, the DC and AC power are decoupled in the two-stage configuration, where the DC-link capacitor acts as an energy buffer 

to decouple the DC and AC power. Thus, it is possible to adaptively adjust the stored energy in the DC-link to some extent during 

operation. In that case, the dc-link voltage is not always kept as constant in order to temporarily reserve the extracted power from 

the PV, which is the main idea of the proposed RPC strategy and will be further discussed in details in the following. 

 

3.PROPOSED SENSORLESS RESERVE POWER CONTROL STRATEGY 

 

3.1. Operational Principle 

 

The proposed RPC strategy is a combination of two operational modes: MPPT and CPG, which are employed for different control 

objectives. The main purpose of the MPPT operation is to estimate the available PV power. When the operating point of the PV 

arrays is regulated at the MPP, the available power of the PV arrays𝑃avaican be estimated from the measured PV output power 

𝑃pv. By routinely assigning the MPPT operation, the available power can continuously be estimated during operation. In fact, this 

concept is similar to the “sample and hold (S&H)” process in digital control. Once the available PV power is estimated with the 

MPPT operation, the set point of the CPG operation Plimitcan be calculated according to  for a given amount of reserve power 

ΔP. Accordingly, the RPC strategy employs the CPG operation to regulate the PV power in order to provide a power reverse as 

demanded. The corresponding extracted PV power from the DC–DC boost converter with the combination of MPPT and CPG 

modes. In order to ensure that the power injected to the AC grid always follows the demand in the case of the RPC. Reserve 

power requirement in the Danish grid code, where ΔP is the amount of reserve power level, the peak power during the MPPT 

mode should be buffered. In the proposed approach, the DC-link voltage is increased during this period to temporarily store the 

excessed energy due to the peak power injection. In this regard, the proposed solution can be flexibly adapted to any two-stage 

PV system configuration, where the PV- and the grid-side converters can be controlled independently. The control algorithm of 

the PV-side boost converter and grid-side converter to achieve the discussed strategy is presented in the following. 

 

3.2. Control Algorithm of the PV-Side Boost Converter 

 

As discussed previously, there are two operating modes for the boost converter. Namely, the MPPT operation is employed to 

estimate the available PV power, and the CPG control is employed to regulate the PV output power to follow the reserve power 

demand. That is to say, in the case of RPC operation, the ambient temperature is assumed to be constant. With the aforementioned 

MPPT operation, the available PV power can be estimated by simply measuring the PV power during the steady-state MPPT 

periods. Once the APE process is done, the PV system enters into the CPG mode where the operating point of the PV systems has 

to be regulated below the MPP in order to achieve Ppv= Plimit(and thus, the reserve power). It can be seen from the P–V 

characteristic of the PV panel. That there are two possible operating points for a certain level of 𝑃limit and irradiance level. 

However, it should be aware that the operatingpoint at the right side of the MPP can introduce instability during a fast irradiance 

drop. In that case, the open-circuit voltage of the PV panels 𝑉𝑂𝐶decreases as the irradiance level drops, and the operating point 

may fall into (and stay at) the open-circuit condition. Under this situation, the CPG operation becomes unstable and the PV 

system will not able to deliver any power from the PV panel to the grid, as it has been demonstrated. With this concern, the 

operating point of the PV system is perturbed to the left side of the MPP during the CPG operation, as it is also illustrated in [12]-

[14]. The reference PV voltage 𝑣pv
∗ during the CPG mode can besummarized as 

                                     𝑣𝑝𝑣
∗ = {

𝑣𝑀𝑃𝑃𝑇              𝑊ℎ𝑒𝑛     𝑃𝑝𝑣 ≤ 𝑃𝑙𝑖𝑚𝑖𝑡

𝑣𝑝𝑣 − 𝑣𝑠𝑡𝑒𝑝      𝑊ℎ𝑒𝑛      𝑃𝑝𝑣 > 𝑃𝑙𝑖𝑚𝑖𝑡
                   (2) 
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where 𝑣MPPTis the reference voltage from the MPPT algorithm and 𝑣step is the perturbation step size. Notably, the reference 

𝑣MPPT has nothing to do with the previous CV-MPPT algorithm (which is only used during the APE process), but the 𝑣MPPTis 

needed during the CPG operatingmode in order to keep the operating point of the PV systemat 𝑃pv=𝑃limit This is due to the fact 

that the PV power maynot be kept exactly at the 𝑃limit in practice, but it will oscillatearound that operating point with minimum 

deviations. In thatcase, the PV voltage needs to follow the reference from theP&O MPPT algorithm when 𝑃pv ≤ 𝑃limit, in order to 

move theoperating point back close to𝑃pv=𝑃limit. Further discussionsabout CPG algorithms can be found in. The control structure 

of the PV-side boost converter is shown in Fig. 2, where a proportional-integral (PI) controller is employed to regulate the PV 

voltage 𝑣𝑝𝑣 according to its reference 𝑣𝑝𝑣
∗ . To avoid anyconfusion, due to the two operating modes, the reference voltage 𝑣𝑝𝑣

∗ in 

Fig. 2.is obtained from during the APE process (MPPT operation), while the reference voltage is employed only during the CPG 

mode. In both cases, the control structure remains the same, while only the reference PV voltage 𝑣𝑝𝑣
∗ is changed, as shown in 

Fig.2. 

 

 
Fig. 2Control scheme of the PV-side boost converter with the MPPT and CPG operation 

 

3.3. Control Algorithm of the Grid-Side Converter 

 

Regardless of the operating mode of the PV-side boost converter, the objective of the grid-side converter is to always keep the 

injected AC power to follow the RPC constraint as 

                                                〈Pac〉 = Plimit = Pavai − ∆P,                  (3) 

with〈𝑃𝑎𝑐〉 being the average injected AC power, Plimit being then set-point (reference), Pavaibeing the available PV power, 

and∆𝑃being the required amount of reserved power. In order to do so, the peak power during the APE period has to be 

temporarily stored in the DC link. Following, the control scheme of the grid-side converter in Fig. 3 is employed, where a stored 

energy controller is plugged into the typical DC-link voltage controller for calculating the reference grid current. Basically, the 

DC-link voltage controller will give an amplitude reference of the grid current|𝑖𝑔
∗| which keeps the DC-link voltage 𝑣𝑑𝑐  constant 

and deliversall the extracted PV power to the AC grid (which is the case during the CPG mode). However, if the average injected 

ac power〈Pac〉exceeds the power limitPlimit,and measured DC-link voltage,〈Pac〉is the average injected AC power, and Plimit is the 

set point. A certain amount of current ∆𝑖𝑔corresponding to𝑘𝑎𝑐(〈Pac〉- Plimit ) is subtracted from the reference|𝑖𝑔
∗|by thestored 

energy controller.The proportional gain 𝑘𝑎𝑐should beselected as√2
𝑉𝑔

⁄ (with a small adjustment in practice to compensate power 

losses in the DC-link, e.g., parasitic resistance in the DC-link capacitor), where 𝑉𝑔is the RMS value of the gridvoltage.In this way, 

the amount of the grid current reduction  ∆𝑖𝑔, which will allow the power difference (〈Pac〉- Plimit) be stored in the DC-link, can be 

determined. Consequently, the actual DC-link voltage 𝑣𝑑𝑐  will be higher than the reference 𝑣dc
∗ during the MPPT mode, but the 

peak power will not propagate to the AC grid. In this approach, the stored energy in the DC-link is controlled indirectly through 

the compensation of the grid current, which offers a faster and more effective response than the solution by directly calculating 

the corresponding DC-link voltage. This is due to the typical limited bandwidth of the DC-link voltage controller. Notably,𝑣𝑑𝑐  

should also bewithin a certain range for single-phase grid-connected invertersystems, in order to ensure the power delivery to the 

grid andsafety. Thus, there is a certain limit of the amount of reserved power ∆𝑃 in order to ensure that the DC-linkvoltage will 

not reach the system maximum voltage limit [32], [33], which will be discuss in above sections. 

 

 
Fig. 3 Control scheme of the grid-side converter with the DC-link voltage 

controller and the stored energy controller 
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4. DESIGN CONSIDERATION OF THE RPC STRATEGIES 

 

In order to achieve a high control performance using the RPC strategy, several design considerations should be discussed to 

assist the practical implementations. 

 

4.1. Improving the Reserve Power Accuracy by Compensating Inverter Power Losses 

 

So far, the efficiency of the converters are not considered. In other words, it is assumed that the PV power 𝑃𝑝𝑣 in is equal to the 

injected AC power〈𝑃𝑎𝑐〉in during the CPG operation. However, there are power losses in the power converters, especially from 

the power devices during the switching and conduction, which reduces the converter efficiency. The power losses cannot be 

neglected and should be compensated, in order to achieve a high-accuracy operation. Tracking the efficiency of the power 

converter into account, the power injected to the grid from the PV arrays becomes where η is the efficiency of the power 

converter. 

                                                                    〈𝑃𝑎𝑐〉 =


. 𝑃𝑝𝑣                   (4) 

                                                                               𝑃𝑝𝑣 − 〈𝑃𝑎𝑐〉 = (1 −


) . 𝑃𝑝𝑣              (5) 

It can be observed in that there is always a certain amount of power losses from the PV side to the grid side corresponding to 

(1 −


) . 𝑃𝑝𝑣 .Power extraction from the PV arrays according to the RPC strategy with the power loss compensation, where𝑡𝑟𝑒𝑠is 

the time response during theoperating mode transition, 𝑓𝐴𝑃𝐸is the sampling rate of the available PV powerestimation process, 

andη is the efficiency of the power converter In order to maintain the reserve power constraint with respect to the injected AC 

power, the amount(1 −


) . 𝑃𝑝𝑣 should be subtracted from the reference ΔP when calculating the power limit as 

                                                                      𝑃𝑙𝑖𝑚𝑖𝑡
′ = 𝑃𝑎𝑣𝑎𝑖 − [∆𝑃 − (1 −


) . 𝑃𝑝𝑣]              (6) 

Where 𝑃𝑙𝑖𝑚𝑖𝑡  
′ is the compensated power limit. By replacing the 𝑃𝑙𝑖𝑚𝑖𝑡with𝑃𝑙𝑖𝑚𝑖𝑡 

′ at the PV-side controller in,the power losses in the 

power converter are compensated, as it is illustrated. 

 

4.2. Minimizing the Excessed Energy With Fast CPG Algorithms During Transients 

 

The key performance of the RPC strategy is a fast operation during the APE process in order to minimize the excessed energy in 

the DC-link. There are two intermediate steps during this period: 1) CPG to MPPT (during  𝑡1) and 2) MPPT to CPG (during 𝑡2) 

transitions, where a certain time response 𝑡𝑟𝑒𝑠 is required. With the CV-MPPT method discussed above sections, the CPG to 

MPPT transition can be achieved very fast, where the reference 𝑣∗ = 𝐾𝑂𝐶 𝑉𝑂𝐶 is directlyassigned. Thus, the remaining issue is to 

ensure a fasttransient response of the CPG algorithm during the MPPT to CPG transition. A simple and effective solution is to 

directly apply the last operating point during the steady-state CPG operation as a reference PV voltage once the APE process is 

done. In this way, the operating point of the PV can move back relatively fast to the previous operating point in the CPG mode 

within one sampling period. After that, the CPG algorithm in is employed in steady-state CPG operation (during 𝑡3). With this 

approach, Power extraction from the PV arrays according to the RPC strategy with the previous operating point during the CPG 

mode being applied after the available PV power estimation process, where 𝑡𝑟𝑒𝑠is the time response duringthe operating mode 

transition,𝑓𝐴𝑃𝐸 is the sampling rate of the available PV power estimation process, And η is the efficiency of the power converter. 

The time response during the transition 𝑡𝑟𝑒𝑠 is minimized, as it can be compared from𝑡𝑟𝑒𝑠 . (with normal CPG algorithm, where a 

number of sampling during MPPT to CPG transition is required) and (with fast CPG algorithm). This solution is effective when 

the sampling rate of the APE process is much faster than the solar irradiance fluctuation, which is usually the case for the PV 

system in practice. Under this condition, it can be assumed that the operating point during the CPG mode for each sampling 

changes relatively slow, due to the high sampling rate of APE. 

 

4.3.Maximum Amount of the Reserve power 

 

The maximum amount of reserve power∆𝑃𝑚𝑎𝑥is limited by the stored energy capacity of the DC-link capacitor. This is due to the 

fact that during each APE process, the excessed energy will be injected into the DC link, which has a limited energy capacity. 

According to the excessed energy during the APE process ΔE can be approximated as 

                                                                            ∆𝐸 =
1

2
(∆𝑃 − (1 −


) . 𝑃𝑝𝑣)𝑡𝑟𝑒𝑠      (7) 

                                                                                    ∆𝐸 =
1

2
(𝑃𝑎𝑣𝑎𝑖 − 𝑃𝑙𝑖𝑚𝑖𝑡)𝑡𝑟𝑒𝑠.

′      (8) 

When this excessed energy is stored in the DC link, it will cause the DC-link voltage 𝑉𝑑𝑐increase according to 

                                                                                  ∆𝐸 =
1

2
𝐶𝑑𝑐( 𝑣𝑑𝑐,1

2 − 𝑣𝑑𝑐,0 
2 )         (9) 

Where 𝑣𝑑𝑐 , 0 is the initial DC-link voltage, which corresponds to the reference DC-link voltage 𝑣𝑑𝑐 
∗ in the RPC strategy𝑣𝑑𝑐.𝑡, t is 

the peak value of the dc-link voltage, which is limited by the maximum allowable dc-link voltage 𝑣𝑑𝑐 , max according to the grid 

regulations. Thus, the maximum excessed energy that can be stored in the DC-link during each APE process is determined as 

follows:  
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                                                                                  ∆𝐸𝑚𝑎𝑥 =
1

2
𝐶𝑑𝑐(𝑣𝑑𝑐,𝑚𝑎𝑥

2 − 𝑣𝑑𝑐 
∗2 )                   (10) 

According to ,the maximum amount of the reservepower ∆𝑃𝑚𝑎𝑥is obtained as 

                                                              ∆𝐸 =
𝐶𝑑𝑐

𝑡𝑟𝑒𝑠
(𝑣𝑑𝑐,1

2 − 𝑣𝑑𝑐,0 
2 ) + (1 −


) . 𝑃𝑝𝑣                      (11) 

                                                                  ∆𝐸𝑚𝑎𝑥 =
𝐶𝑑𝑐

𝑡𝑟𝑒𝑠
𝐶𝑑𝑐(𝑣𝑑𝑐,𝑚𝑎𝑥

2 − 𝑣𝑑𝑐 
∗2 ) + (1 −


) . 𝑃𝑝𝑣 .       (12) 

It is noticed from that, in order to increase ∆𝑃𝑚𝑎𝑥 , either a large DC-link capacitor 𝐶𝑑𝑐is needed or the time response 𝑡𝑟𝑒𝑠has to be 

minimized. However, increasing the DC-link capacitance is usually not preferable considering the cost, size, and reliability of the 

system. The DC-link capacitance 𝐶𝑑𝑐 is designed based on the maximum ripple voltage∆𝑣requirement during normal operation, 

where the DC-link capacitance is determined by 

                                                                                              𝐶𝑑𝑐 =
𝑃𝑝𝑣

(2𝜋𝑓𝑔).∆𝑣.𝑣𝑑𝑐
                       (13) 

At the rated power, the DC-link voltage is regulated at 450 ±5 V. Thus, the required DC-link capacitance is around 2.2 mF 

according. Notably, this is a typical design for single-phase inverter, where the dc-link voltage inevitably contains the double-line 

frequency ripples during operation. This DC-link capacitor, however, can be used to store the excessive energy in the RPC 

operation. In other words, the DC-link capacitor is not oversized or specifically designed for the reserve power purpose. 

Consequently, from this standpoint, reducing the time response 𝑡𝑟𝑒𝑠is a more viable solution to maximize the reserve power of a 

predesigned two-stage PV system. 

 

4.4. Maximum Sampling Frequency of the APE Process 

 

The accuracy of the APE relies on its sampling frequency 𝑓𝐴𝑃𝐸. In general, the accuracy of the APE increases as its sampling 

rate 𝑓𝐴𝑃𝐸 increases, especially during the changing irradiance condition. However, the constraint that limits the sampling 

frequency 𝑓𝐴𝑃𝐸 is the required response time by the DC-link voltage controller in order to reach the steady state after the peak 

power injection due to the APE process. Specifically, the DC-link voltage has to be discharged to its nominal value at the end of 

each APE sampling. Otherwise, if the excessed energy is injected to the DC-link during the discharging period, the DC-link 

voltage will oscillate. This will lead to an unstable operation, since the boost converter can no longer regulate its input voltage 

when the output voltage is oscillating significantly, as it will be exemplified later via experiments. The variation in the DC-link 

voltage 𝑣𝑑𝑐  during each APE process is illustrated in Fig. 3.8. At the beginning of each APE process, the DC-link voltage will 

reach its peak value after t =𝑡𝑟𝑒𝑠, which is the time duration where the excessed energy is injected into the DC link. After that, the 

DC-link voltage will be slowly discharged by the DC-link voltage controller. During this period, the stored energy controller is 

deactivated, since (〈𝑃𝑎𝑐〉 − 𝑃𝑙𝑖𝑚𝑖𝑡) = 0. Thus, the required discharging time 𝑡𝑑𝑐 corresponds to the settling time of the DC-link 

voltage controller, and the maximum sampling frequency of the APE process𝑓𝐴𝑃𝐸, max canbe obtained as 

                                                                                          𝑓𝐴𝑃𝐸,𝑚𝑎𝑥 =
1

𝑡𝑟𝑒𝑠+𝑡𝑑𝑐
                        (14) 

 

5.PERFORMANCE VERIFICATION OF THE PROPOSED RPC STRATEGIES 

 

In order to verify the effectiveness of the proposed RPC strategy, the tests have been carried out with the shown in Fig. 4. It 

should be pointed out that an LC filter is used, and connected to the grid through an isolation transformer. Together with the 

leakage inductance of the isolation transformer, an LCL-filter is formed. At the PV-side, a PV simulator has been adopted. The 

control algorithms have been implemented in an FPGA system. 

 

5.1. SIMULINK MODELING AND RESULTS O RPC CONTROL STRATEGY 

 
Fig. 4 Simulink modeling of with RPC control strategy 
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The Fig.4 represents Simulink modeling of with RPC control strategy over all operation is generation of solar energy from light 

energy, then it converts electrical energy which is DC output. The P&O algorithm is used to estimate the available PV output 

power. The PV output power is given to the boost converter, boost up the PV power otherwise the boost up energy is stored in to 

battery. Used in full bridge inverter DC energy is converted in to AC inverter output is filtering and connected to grid. The whole 

operation is controlled in to the control strategy is Constant Power Generation (CPG).   

 

RESULTS 

 
Fig. 5 Results of the single-phase grid-connected PV system with the proposed  

RPC strategy during the steady-state operation 

 

The Fig. 5 represents a constant solar irradiance profile of 1000 W/m2, corresponding to the available PV power of 3 KW has 

been adopted in the test. In this case, three  reserve power references ΔP 700, 500, and 300 W are used to verify the effectiveness 

of the RPC strategy during steady-state operation, the results are shown in Fig.5. The PV voltage 𝑉𝑝𝑣and the corresponding 

extracted PV power 𝑃𝑝𝑣 are shown in Fig. 5(a) and (b), respectively. During the CPG operation periods, the extracted PV power 

𝑉𝑝𝑣 is limited below the available power 𝑃𝑎𝑣𝑎𝑖 corresponding to the amount of the reserve power ΔP, while the PV power reaches 

the available power during the MPPT mode. At the grid side, the average injected ac power〈𝑃𝑎𝑐〉always follows the RPC 

constraint during operation, as it can be seen in Fig. 5(a). This is achieved by the stored energy controller, where the DC-link 

voltage 𝑣𝑑𝑐 is adaptively controlled to absorb the peak power injection in the DC link during the MPPT mode. It can be noticed in 

Fig. 5(c) that the variation in the DC link voltage increases as the amount of reserve power increases, while the average value 

remains the same. More specifically, the DC-link voltage only increases temporarily during the APE process in order to store the 

excessed energy in the DC-link. In this case, the peak DC-link voltage is highest when the reserve power is 700W, as it can be 

seen from Fig. 5. This is in a close agreement with the previous theoretical analysis according to Control of a PV generator to 

maintain active reserve power during operation. Nevertheless, the average reserved power ΔP can be accurately controlled 

according to the references, as it is shown in Fig. 5(d). 
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Fig. 6Results of the single-phase grid-connected PV system with the proposed 

RPC strategy at the sampling rate of  𝑓𝐴𝑃𝐸= 0.05 Hz under a ramp-changing solar irradiance profile 

The Fig. 6 represents the proposed RPC strategy has also been verified with a ramp-changing irradiance profile, where the 

performance of the APE process becomes important. As mentioned previously, the accuracy of the APE process relies on its 

sampling rate𝑓𝐴𝑃𝐸. Thus, two different sampling frequencies of 𝑓𝐴𝑃𝐸= 0.05 and 0.2 Hz are used in this test, while the reference 

reserve power ΔP is kept as 500 W. The performances of the RPC with a low sampling frequency of the APE process are shown 

in Fig. 6. The PV voltage 𝑣𝑝𝑣 under this operating condition is shown in Fig. 6(a), where it can be seen that the MPPT operation is 

assigned to the boost converter every 20s, 𝑓𝐴𝑃𝐸= 0.05 Hz. In Fig. 6(b), the available PV power 𝑃𝑎𝑣𝑎𝑖 and the extracted PV power 

𝑃𝑝𝑣 during operation are shown, which demonstrates that the available power 𝑃𝑎𝑣𝑎𝑖is periodically measured in the MPPT mode. 

The injected ac power〈𝑃𝑎𝑐〉during operation is also shown in the same figure, where it can be observed that the reserve power 

constraint is achieved. However, a reserve power profile ΔP in Fig. 6(d), presents a considerable error during operation due to the 

low sampling rate of the APE process. 

 
Fig. 7 The Results of the single-phase grid-connected PV system with the proposed RPC strategy at the  

sampling rate of 𝑓𝐴𝑃𝐸= 0.2 Hz under a ramp-changing solar irradiance profile 

 

 The Fig. 7 represents in order to reduce the reserve power error and demonstrate the impact of the sampling frequency of the 

APE process 𝑓𝐴𝑃𝐸on the performance of the RPC strategy, a high sampling rate of 0.2 Hz for the APE process is adopted in Fig. 7. 

In this case, the MPPT operation is assigned to the boost converter every 5 s,𝑓𝐴𝑃𝐸= 0.2 Hz. This can be noticed from the PV 

voltage 𝑣𝑝𝑣 in Fig. 7(a), where the CV-MPPT algorithm is assigned more frequently compared to that in Fig. 7(a). A similar high 

frequency transition between the MPPT and CPG mode is also observed in the extracted PV power 𝑃𝑝𝑣 in Fig. 7(b). On the other 

hand, the injected ac power 〈𝑃𝑎𝑐〉fluctuation is reduced with this high sampling rate due to the higher accuracy in the APE. 

Consequently, the error in the reserved power ΔP is significantly reduced, as it can be seen from Fig. 7(d). 
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Fig. 8 Grid voltage & grid current 

The Fig. 8 represents grid voltage and grid current, the grid connected voltage is 230V and grid connected current is 5A, the 

power is 1150W.  

 

CONCLUSION:  

The cost-effective reserve power control strategy for two-stage grid-connected PV systems to be applied, which is achieved by 

routinely employing a fast MPPT operation. Then, the estimated available power is used for calculating the set point to limit the 

extracted PV power with the CPG operation. At the grid side, the stored energy in the DC link is adaptively controlled to minimize 

the power fluctuation during the available PV power estimation process, where the excessed energy is temporarily stored in the DC 

link. With the aforementioned coordinated control strategy, the reserve power control can be achieved. 
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