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Abstract: The escalating cost-effectiveness of photovoltaic (PV) panels has amplified their allure 
for integration into DC micro-grids as indispensable devices for harvesting clean energy sources. 
Typically, the PV system operates in Peak Power Point Tracing (PPPT) mode, extracting the 
highest energy to supply the micro-grid. The converter within the energy storage system assumes 
a pivotal role in distributing power, facilitating power-sharing, and sustaining the stability of the 
DC bus voltage. Consequently, any disruption in this converter system poses a critical risk, 
potentially compromising the stability of the DC micro-grid and leading to system failure. 
Beyond maximizing solar energy extraction, PV systems can contribute to bus voltage stability 
through proper treatment. This strategy guarantees system stability during brief energy storage 
system failures, contingent upon sufficient sunlight radiation conditions to support the load. 
Despite various methods proposed in the literature for sustaining bus voltage using PV systems, 
there remains a need to enhance the time response of these systems for faster performance. This 
paper addresses this concern by proposing a modification to the objective function variable 
applied in Finite Control Sets Model Predictive Control (FCS MPC). The objective function, 
obtained from the Integral Absolute Error (IAE) of the PV inductor current, contrasts with the 
current set-point derived from integrating the PV step-up converter's output voltage error. The 
efficacy of the proposed method is validated through simulation and experimentation, 
demonstrating its capability to sustain the bus voltage even in the absence of the energy storage 
system converter.   
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1.  Introduction 

Owing to the diminishing expenses and escalating efficacy of PV panels, they are 
progressively emerging as a compelling choice for the provision of electrical energy [1], 
particularly in regions distant from the primary grid. In such circumstances, the established 
electric grid assumes the character of an autonomous micro-grid [2], capable of operating in 
either direct current (DC) or alternating current (AC) configurations.  

An inherent benefit of PV panels lies in their generation of DC electrical energy, facilitating 
seamless integration into DC micro-grid systems without necessitating immense conversion. 
Furthermore, DC systems present numerous benefit over their AC counterparts, including the 
absence of frequency synchronization, harmonics, and reactive power issues, as underscored in 
earlier scholarly investigations [2] – [4]. Therefore, there is a notable scholarly interest in 
devising methodologies to effectively incorporate PV panels into DC micro-grid systems. 

To mitigate the sporadic occurrence of sunlight energy, the conventional approach involves 
integrating PV panels with energy storage systems. Two primary methods exist for connecting 
PV systems to energy storage systems: firstly, by interfacing them with the low-voltage DC bus 
[5] – [7] and subsequently linking to the micro-grid's DC bus; secondly, by directly paralleling 
them on the micro-grid's DC bus [8] – [17]. In the earlier scenario, PV panels harness energy 
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under optimal circumstances when the micro-grid faces power deficits, at the same time the 
energy storage converter system upholds the DC bus voltage. Contrarily, during instances of 
surplus power in the micro-grid, PV panels can be deployed in a voltage-regulation mode in 
conjunction with the energy storage converter system [5], [9] – [17]. 

Within the published-works, diverse methodologies exist for governing PV systems in DC 
micro-grids. The scholars in [9] and [10] have introduced an enhancement to droop control by 
incorporating secondary control. In [9], the researchers opted for voltage control in operating PV 
and established set-points that account for voltage fluctuations and load currents. Nevertheless, 
simulation outcomes revealed that despite these efforts, power fluctuations in the PV system still 
impacted the voltage of the DC bus. Conversely, in [10], the scholars employed PV in PPPT 
mode, yet the approach remained untested in the context of fluctuations in sunlight energy. In 
[11], a secondary control was proposed, albeit solely applied to PV systems operating under 
voltage-regulation conditions akin to those presented in [9]. Notably, the distinction lies in the 
fact that the set-point used in the secondary control exclusively considers alterations in load 
power. 

In their work documented in [12], the authors introduced a proportional-integral (PI)-based 
controller employing a dual-loop structure for the PV system, omitting the inclusion of droop as 
the PV operates in PPPT mode. Nevertheless, it is imperative to note that the proposed system 
has not undergone comprehensive testing to date, primarily due to the omission of an assessment 
regarding the micro-grid power conditions, whether they are in a state of oversupply or 
undersupply. 

In [13] - [15], control systems are posited that hinge on the specific utilizing mode of the 
system. In the case of [13], the PV system transitions from PPPT to a fixed power mode. While 
this system exhibits effective performance with a meticulously scrutinized reliability, it is worth 
noting that the control algorithm becomes increasingly intricate with the expansion of the 
system's scale. A parallel strategy is presented in [14], where the system's utilizing mode is 
contingent upon factors such as PV power production, load, and state of charge (SoC) of the 
energy storage. However, the reliability of this system necessitates further meticulous analysis. 
The implementation of a strategy focused on consistently maximizing photovoltaic (PV) power 
extraction through PPPT is detailed in reference [15]. DC bus voltage regulation is accomplished 
through the utilization of battery converters and super capacitors. The incorporation of a 
Proportional-Integral (PI) controller facilitates the maintenance of DC bus voltage regulation, 
even in the presence of load variations and fluctuations in sunlight irradiance. It is important to 
note, however, that the system's performance has not been thoroughly scrutinized under 
conditions of surplus power supply. 

Mitigating minimal energy storage usage is a focal point in both [16] and [17]. In [16], the 
researchers deploy PV in PPPT and voltage-regulation mode, with mode transitions contingent 
upon the hysteresis value of the bus voltage error relative to the set-point. This configuration 
enables proper system functionality, even in the absence of energy storage availability. 
Nevertheless, notable overshooting occurs during load changes. Conversely, in [17], the authors 
advocate for adaptable power point tracing in PV systems and employ direct model predictive 
control (MPC) for energy storage systems, aiming to curtail energy storage consumption by 
optimizing the utilization of PV resources. It is important to highlight that the system in [17] has 
not undergone testing in scenarios involving energy storage system collapse. 

This paper, which is an extended version of [18], introduces a refined objective function 
variable, incorporated as a control loop for the PV control within the framework of FCS-MPC, 
drawing inspiration from [19] and [20]. To substantiate the efficacy of the proposed controller, 
its application is realized on a basic boost converter topology, selected for its switching dynamics 
despite its lower efficiency compared to other topologies [21].  

The primary objective of the proposed method is to sustain the DC micro-grid bus voltage, 
even in the event of energy storage fail, by enhancing the system's response speed and mitigating 
overshoot. The efficacy of this proposed method is substantiated through Matlab simulations. 
The subsequent sections of this paper are structured as follows: Section 2 expounds on the 
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dynamics of the step-up converter system, Section 3 elucidates the details of the proposed control 
system, Sections 4 and 5 delve into the simulation and experimentation results, and Section 6 
provides a comprehensive summary of conclusions and outlines avenues for future research. 
 
2. Step-up Converter 

A schematic representation of a basic isolated DC micro-grid system is represented in Fig.1, 
comprising a PV system as the principal energy source, complemented by an energy storage 
system for backup and loads. To streamline the analysis, this study employs a step-up converter 
with a current source output for both the PV and energy storage systems, as depicted in Fig.2. 
The operation of the step-up converter within a PV system is unidirectional and involves two 
discernible states, denoted as 𝑖𝑖𝐿𝐿𝐿𝐿 for inductor current and 𝑣𝑣𝑜𝑜1 for output voltage. Three 
parameters characterize this system, specifically 𝐿𝐿𝑝𝑝, 𝑟𝑟𝐿𝐿𝐿𝐿, and 𝐶𝐶1, illustrating the inductor, 
inductor resistance, and capacitor, respectively. It is notable that switch 𝑆𝑆1 is controllable, 
whereas switch 𝑆𝑆2 is non-controllable in this particular configuration. 

On the contrary, the step-up converter employed in the energy storage system functions bi-
directionally, manifesting two distinct states denoted as 𝑖𝑖𝐿𝐿𝐿𝐿 for inductor current and 𝑣𝑣𝑜𝑜2 for 
output voltage. This system is characterized by three parameters: 𝐿𝐿𝑏𝑏, 𝑟𝑟𝐿𝐿𝐿𝐿, and 𝐶𝐶2, signifying the 
inductor, inductor resistance, and capacitor, successively. Importantly, it is observed that both 
switches, 𝑆𝑆  and 𝑆𝑆̅, are controllable within this specific system. 
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Figure 1. A basic DC micro-grid is composed of a load, a PV system, and an energy 
storage system. 
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The step-up converter systems for both the PV and energy storage exhibit turn-on and turn-

off modes. The dynamics of the step-up converter governing the PV system are articulated in 
(1a) and (1b) for the turn-on and turn-off modes, successively. Correspondingly, the dynamic 
equations for the turn-on and turn-off modes of the energy storage step-up converter system are 
represented by (2a) and (2b). 

 
3. Proposed Control Approach 

This section delves into the discussed control approach for FCS-MPC, employing an adjusted 
objective function inspired by earlier studies, as documented in [17] and [18]. The adapted 
objective function is designed for application in both the step-up converter controller for the 
photovoltaic system (FCS MPC1) and the energy storage system (FCS MPC2). The control 
system block diagram is presented in Fig.3.  

For the FCS MPC to depend on anticipated model values for forthcoming steps, it is 
imperative to discretize the dynamic equations governing both the PV step-up converter system 
(expressed in (1a) and (1b)) and the energy storage (articulated in (2a) and (2b)). The 
discretization process is accomplished through Euler integration, employing a sampling period 
denoted as 𝑇𝑇𝑠𝑠. 
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Figure 2. (a). Step-up converter for PV system (b) Bidirectional step-up converter for the 

energy storage system. 
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As follows are the dynamic equations for the PV step-up converter system: 
 

 𝑥𝑥(𝑘𝑘 + 1) = 𝐴𝐴𝑝𝑝1𝑥𝑥(𝑘𝑘) + 𝐵𝐵𝑝𝑝1𝑖𝑖𝑛𝑛𝑝𝑝(𝑘𝑘) (3a) 
𝑥𝑥(𝑘𝑘 + 1) = 𝐴𝐴𝑝𝑝2𝑥𝑥(𝑘𝑘) + 𝐵𝐵𝑝𝑝2𝑖𝑖𝑛𝑛𝑝𝑝(𝑘𝑘)  (3b) 
 
Where 𝑥𝑥(𝑘𝑘) = [𝑖𝑖𝐿𝐿𝐿𝐿 𝑣𝑣𝑜𝑜1]⊤ is explained as state vector,  𝑖𝑖𝑛𝑛𝑝𝑝(𝑘𝑘) = [𝑣𝑣𝑝𝑝𝑝𝑝 𝑖𝑖𝑜𝑜1]⊤ is explained 

as input vector and the calculation of the matrices 𝐴𝐴𝐴𝐴1, 𝐴𝐴𝐴𝐴2, 𝐵𝐵𝐵𝐵1 and 𝐵𝐵𝐵𝐵2 are as follows: 
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matrix with dimensions of 2x2. 
The following holds for the dynamic equation of the energy storage step-up converter system:  
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Figure 3. Proposed PV control system. 
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The objective functions for FCS MPC1 and FCS MPC2 are established on the IAE criterion, 

incorporating an adjusted set-point signal. Equation (5) delineates the objective function for FCS 
MPC1, where the set-point signal (pertaining to the PV inductor current) is produced through 
the integral control of output voltage error, as depicted in Fig.4. This set-point signal is 
juxtaposed with the predicted PV inductor current, and subsequently, the absolute error between 
𝑖𝑖𝐿𝐿𝐿𝐿_𝑟𝑟𝑟𝑟𝑟𝑟 and 𝚤𝚤𝐿𝐿𝐿𝐿�  is employed to compute the IAE for the ensuing 𝑁𝑁𝑝𝑝 steps. 
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Equation (6) illustrates the objective function for FCS MPC2, utilizing an output voltage set-
point signal produced by the control loop depicted in Fig.5. Concurrently, the set-point for the 
energy storage inductor current is obtained from the load power projection [18], as represented 
in (7). 
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Table 1. Algorithm of the FCS-MPC  
 

Require: 𝑙𝑙 = 1,2,3,⋯ , 2𝑁𝑁𝑝𝑝, 𝑢𝑢∗(𝑘𝑘) = 1, 𝑈𝑈�𝑙𝑙,𝑁𝑁𝑝𝑝�, 𝑥𝑥(𝑘𝑘), 𝐽𝐽∗(𝑘𝑘) = ∞  
       𝑙𝑙 = 1 
       while 𝑙𝑙 < 2𝑁𝑁𝑝𝑝 do 
                 𝑥𝑥�(1) = 𝑥𝑥(𝑘𝑘), starting value of 𝑥𝑥� 
                 𝐽𝐽 =  0, starting value of the cost 
                for 𝑛𝑛 = 1 → 𝑁𝑁𝑝𝑝 do 
                      𝑢𝑢(𝑛𝑛) = 𝑈𝑈(𝑙𝑙;𝑛𝑛) 
                      calculate 𝑥𝑥�(𝑛𝑛 + 1), using (3a) and (3b) or (4a) and (4b) 
                      𝐽𝐽 =  𝐽𝐽 +  𝑓𝑓, 𝑓𝑓 = 𝑓𝑓𝑒𝑒1 or 𝑓𝑓𝑒𝑒1, using (5) or (6) 
                 end for 
                 if 𝐽𝐽 < 𝐽𝐽∗(𝑘𝑘) then 
                      𝐽𝐽∗(𝑘𝑘)  =  𝐽𝐽 
                      𝑢𝑢∗(𝑘𝑘)  =  𝑢𝑢(𝑛𝑛) 
                 end if 
                 𝑙𝑙 = 𝑙𝑙 + 1 
      end while 

 

𝑖𝑖𝐿𝐿𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟 =
(𝑣𝑣𝑜𝑜2_𝑟𝑟𝑟𝑟𝑟𝑟)2𝑖𝑖𝑜𝑜2
𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑣𝑣𝑜𝑜2

+ 𝑎𝑎�𝑣𝑣𝑜𝑜2_𝑟𝑟𝑟𝑟𝑟𝑟 −  𝑣𝑣𝑜𝑜2� �  (7) 
The algorithmic depiction of the control operation is presented in Table 1. To commence the 

control procedure, all conceivable combinations of switching sequences, denoted as 𝑈𝑈�𝑙𝑙,𝑁𝑁𝑝𝑝�, 
are initially devised. The prediction horizon, 𝑁𝑁𝑝𝑝, dictates the total number of switching patterns. 
At time 𝑘𝑘, measurements are taken for the system states 𝑥𝑥(𝑘𝑘), input voltage, and load current. 
Predictions for the subsequent 𝑁𝑁𝑝𝑝 steps are then calculated, based on the dynamics aligned with 
the input switching patterns previously prepared. During each horizon step, the cost (J) is 
computed for a specific switching pattern. Subsequently, the total costs for each switching 
pattern are compared to identify the lowest cost (𝐽𝐽∗(𝑘𝑘)). The first switching combination (𝑢𝑢∗(𝑘𝑘))  
associated with this lowest cost is then applied to the converter. 
 
4. Simulation Results 

This section presents a computer simulation study to validate the efficacy of a proposed 
control approach for the PV step-up converter system. The designed method aims to sustain the 
DC bus voltage of the micro-grid, especially in instances where the energy storage step-up 
converter system is interrupted and unable to fulfill its part in voltage regulation. The simulation, 
executed using Matlab Simulink over a 5-second duration, involves providing a bus voltage set-
point (𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏_𝑟𝑟𝑟𝑟𝑟𝑟) of 120 volts to each controller. Figures 7 to 9 delineate the response of the 
proposed controller (depicted by the blue line) in comparison to the response of the linear 
quadratic regulator (LQR) represented by the red line. The energy storage system was disabled 
between 1.5 to 3.5 seconds throughout all three scenarios. Sunlight irradiance (depicted in Fig. 
6) and loading patterns for each scenario are presented in Table 2. Parameters for the two system 
blocks are detailed in Table 3. The inductor value is carefully chosen to guarantee a highest input 
current and output voltage ripple of about 1%, accommodating a power capacity of around 1 
kW. The transmission line parameter is inspired by [6]. Controller parameters are established 
using the Zigler-Nichols tuning procedure. 
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Table 2. Sunlight Irradiance and Load Pattern 
Scenario  Irradiance  Initial Load  Load Shift 1a  Load Shift 2b 

1  Fig 6  425 W  (425 to 850) W  (850 to 425) W 
2  Fig 6  360 W  (360 to 720) W  (720 to 360) W 
3  1000 W/m2  425 W  (425 to 850) W  (850 to 425) W 

   
a at 2 seconds 
b at 3 seconds 

 
Table 3. Block System Parameters 

Parameter  PV System  Energy Storage System 
vin vopen_circuit =74.6 V 36 V 
L  Lp=5mH  Lb=5mH 
rL  rLp=40mΩ  rLb=40mΩ 
𝐶𝐶  Co1=560µF  Co2=560µF 
Lt  Ltp=0.22mH  Ltb=0.22mH 
rLt  rLtp = 0.6Ω  rLtb = 0.6Ω 
k  k1a=0.5, k1b=0.0081  k2a=1e-4, k2b=1, k2c=1 
rd  rd1=0.1  rd2=0.2 
Np 4  4 
a  -  a =0.1 

Limiter  ±1500  ±50 
  Ts = 1/20000 s, PV=1000 𝑊𝑊𝑝𝑝 

 
 The system responses in the three scenarios (depicted in Fig. 7 and detailed in Tables 4 to 6) 
reveal that the response time of the PV inductor current to load variations is swift, with a rise 
time of 0.5 seconds. Upon connecting the energy storage system, the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 voltage reaches the 
nominal value 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏_𝑟𝑟𝑟𝑟𝑟𝑟, specifically at 119.1 volts. The discrepancy between 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 and 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏_𝑟𝑟𝑟𝑟𝑟𝑟 
arises from a voltage drop along the transmission line, as the controller utilizes the voltage 
measured at the converter's output. In the presence of the energy storage, the current supplied to 
the load by the PV surpasses that from the energy storage due to the lower PV 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑟𝑟𝑑𝑑1)  
compared to the energy storage 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑟𝑟𝑑𝑑1). 

Figure 7a illustrates the outcomes for scenario 1, where the initial load is set at 34 Ω, 
corresponding to 425 watts. Initially, the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 voltage attains 119.13 volts. Upon deactivating 
the energy storage, the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 voltage experiences a marginal decline to 118.59 volts. Even with a 

 

 
Figure 6. Irradiance pattern used in the simulation 
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load alteration to 17 ohms, equivalent to 850 watts, the bus voltage is sustained at 114.92 volts, 
signifying a 4.23% decrease from the nominal value. 

 
Table 4. Simulation Result Data at 1 Second 

Scenario  𝒊𝒊𝑳𝑳𝑳𝑳 (A)  𝒊𝒊𝑳𝑳𝒃𝒃 (A)  𝑷𝑷𝒑𝒑𝒑𝒑(W)  𝒗𝒗𝒃𝒃𝒃𝒃𝒃𝒃 (V) 
1 4.17  3.64  303.41  119.13 
2 3.54  3.10  259  119.16 
3 4.19  3.79  304.42  119.10 

 
Table 5. Simulation Result Data at 1.75 Seconds 

Scenario  𝒊𝒊𝑳𝑳𝑳𝑳 (A)  𝒊𝒊𝑳𝑳𝑳𝑳 (A)  𝑷𝑷𝒑𝒑𝒑𝒑(W)  𝒗𝒗𝒃𝒃𝒃𝒃𝒃𝒃 (V) 
1 6.32  0  446.77  118.59 
2 5.28  0  377.45  118.82 
3 6.25  0  446.95  118.64 

 
Table 6. Simulation Result Data at 2.5 Seconds 

Scenario  𝒊𝒊𝑳𝑳𝑳𝑳 (A)  𝒊𝒊𝑳𝑳𝑳𝑳 (A)  𝑷𝑷𝒑𝒑𝒑𝒑(W)  𝒗𝒗𝒃𝒃𝒃𝒃𝒃𝒃 (V) 
1 9.24  0  612.76  114.92 
2 8.18  0  559.65  118.6 
3 9.21  0  631.72  115.81 

 

Scenario 2, depicted in Fig. 7b, utilizes the same irradiance pattern as Scenario 1. The 
distinguishing factor between the two lies in the load variation for Scenario 2, transitioning from 
40 Ω (equal to 360 watts) to 20 Ω (equal to 720 watts). In contrast to Scenario 1, the load in 
Scenario 2 is lower. Consequently, with the energy storage disabled, the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 voltage can be 
upheld at 118.82 volts. Furthermore, even with the load adjusted to 20 Ω, the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 remains at 
118.6 volts, marginally surpassing the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 value observed in Scenario 1. A v_bus value of 118.6 
volts signifies a 1.17% decrease from the nominal voltage. 

Figure 7c exhibits the outcomes of Scenario 3, characterized by a consistent irradiance level 
of 1000 W/m². This scenario replicates the load conditions from Scenario 1. As the load 
transitions to 17 ohms, the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 voltage rises to 115.81 volts, signifying a 3.5% reduction from 
the nominal value. This voltage increment is attributed to the substantial and constant sunlight 
irradiance, a departure from the fluctuating irradiance observed in Scenario 1. A comparative 

     
(a)                                               (b)                                                  (c) 
Figure 7. System response: a) scenario 1, b) scenario 2, c) scenario 3 
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analysis of the three scenarios reveals that the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 voltage experiences a magnitude overshoot 
of 4.2% during the transition from a heavy to a light load (17 Ω to 34 Ω or 20 Ω to 40 Ω). 

As depicted in Fig.7, it is evident that the efficacy of the proposed controller outperforms 
that of the LQR. The outcomes illustrate a swifter response, diminished percentage overshoot, 
and the maintenance of the bus voltage in proximity to the set-point value, even in the absence 
of the energy storage connection. Additionally, the proposed controller capitalizes on the PV 
panel to supply a greater amount of power compared to the energy storage. 

 
5. Experiment Results 

 The experiment was conducted utilizing a circuit featuring an identical block diagram to the 
simulations. The experimental configuration is illustrated in Fig.8. The control system for both 
the PV converter and the energy storage is executed on a mini32 board (specifically, the 
PIC32MX534F064H model), a product manufactured by Mikroe. Notably, the parameter values 
of the circuit components align with the physical conditions observed within our laboratory, as 
detailed in Table 7. 

SCOPE

Battery

Converter for Battery Converter for PV

R-Load

Halogen
Lamps

PV Panel

 
 

Figure 8. Experimental set-up of a simple DC microgrid 
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Figure 9. Adjusted loop control for 𝑣𝑣𝑐𝑐𝑐𝑐_𝑟𝑟𝑟𝑟𝑟𝑟. 
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When applying the control system in the simulation to the mini32 board, which runs at the 
maximum system clock frequency of 80 MHz, it becomes evident that a single iteration of the 
control process demands a significant computational time, approximately equivalent to 1/3000 
of a second. Consequently, when deployed for direct switching within a PV system, the controller 
needs to improve in achieving an output power level close to its maximum capacity. As a result, 
a strategic modification was introduced to the control system. While the control algorithm 
retained the FCS-MPC framework, the formulation of the cost function was adjusted. 
Specifically, (8) was tailored for PV systems, and (9) for energy storage systems, which are 
depicted in Fig.9 and Fig. 10. These equations are calculated based on the prediction of system 
dynamics concerning variations in the duty cycle value. The adjusted algorithm is outlined in 
Table 8, and the selected duty cycle value is subsequently fed into the PWM generator register 
on the PIC32MX. This uncomplicated algorithm draws inspiration from the fixed-frequency 
switching approach introduced in prior works [22]-[24]. The block diagram for generating set-
points for the PV FCS-MPC and Energy storage is also adjusted, as shown in Fig.9 and 10. 

𝐽𝐽(𝑘𝑘) = �𝑣𝑣𝑐𝑐𝑐𝑐_𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑣𝑣𝑐𝑐𝑐𝑐� (𝑛𝑛)�   (8) 

𝐽𝐽(𝑘𝑘) = �𝑖𝑖𝐿𝐿𝐿𝐿_𝑟𝑟𝑟𝑟𝑟𝑟 − 𝚤𝚤𝐿𝐿𝐿𝐿�(𝑛𝑛)�  (9) 

The parameters for the FCS-MPC controller are documented in Table 9. The LQR controller, 
already incorporating state integral error, was designed based on the small signal model of each 
step-up converter system, utilizing a weighting matrix represented as Q =[1 0 0; 0 1 0; 0 0 10], 
along with R=10. The experiment spanned 28 seconds and involved the following specifics: 
− The set-point voltage, 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏_𝑟𝑟𝑟𝑟𝑟𝑟, was set at 40 volts. 
− The system was activated at 3.5 seconds, introducing a load of 27 watts. 
− At the 10-second mark, the energy storage system was disconnected, carrying a load of 35 

watts. 
− Subsequently, at 24.5 seconds, the energy storage system was reconnected, supporting a 27-

watt load. 
 

Table 7. Experimental step-up converter parameters 
Parameter  PV System  Energy storage System 

vin vopen_circuit =21.6 V 12 V 
L  Lp=1mH  Lb=1mH 
rL  rLp=0.22 Ω  rLb=0.22 Ω 
𝐶𝐶  Co1=470µF  Co2=470µF 
Lt  Ltp = 0  Ltb = 0 
rLt  rLtp = 0.5 Ω  rLtb = 0.5 Ω 
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Figure 10. Adjusted loop control for 𝑖𝑖𝐿𝐿𝐿𝐿_𝑟𝑟𝑟𝑟𝑟𝑟. 
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Table 8. Adjusted FCS-MPC algorithm 
Require: 𝑑𝑑 = [𝑑𝑑1,𝑑𝑑2,𝑑𝑑3, … , 𝑑𝑑𝑁𝑁], 𝑇𝑇𝑇𝑇, 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚=100000, 𝑥𝑥𝑘𝑘= [𝑖𝑖𝐿𝐿𝐿𝐿 𝑣𝑣𝑐𝑐]𝑇𝑇, n=1 
      while n <N+1 do 
              Compute the dynamic when switch is ON 
                    𝑥𝑥𝑘𝑘+1 = 𝐴𝐴1 𝑥𝑥𝑘𝑘+ 𝐵𝐵1 u, for 𝑡𝑡 = 𝑑𝑑𝑛𝑛𝑇𝑇𝑠𝑠 
                    shifting the states value,  𝑥𝑥𝑘𝑘 

= 𝑥𝑥𝑘𝑘+1 
              Compute the dynamic when switch is OFF 
                    𝑥𝑥𝑘𝑘+1 = 𝐴𝐴2 𝑥𝑥𝑘𝑘+ 𝐵𝐵2 u, for  𝑡𝑡 = (1− 𝑑𝑑𝑛𝑛)𝑇𝑇𝑠𝑠 
              Compute  𝐽𝐽(𝑛𝑛) 
              if J(n) <  𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 
                    𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐽𝐽(𝑛𝑛) 
                    𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑛𝑛 
              end if 
        end while 
        Duty-cycle PWM = 𝑑𝑑(𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚) 

 
Table 9. Experimental controller parameters 

Parameter  PV System  Energy storage System 
k  k1a= 0.5 , k1b=0.05  k2a= 0.1, k2b= 2.5  
rd  rd1 = 1  rd2 = 4 
Np 1  1 

Limiter  ±1500  ±180 
Ts = 1/2500 s, PV=50 𝑊𝑊𝑝𝑝, Irradiance=6x500W (halogen lamps)  

 
Figure 11. Experimental system response 
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The system's response of the proposed FCS-MPC control system throughout the experiment 
is visually represented in Figure 11. The temporal progression of the experiment has been 
demarcated into three distinct intervals. Zone 1 spans the time interval from 3.5 to 10 seconds. 
Zone 2 is defined between the 10th and 24.5-second marks, and Zone 3 encompasses time 
durations exceeding 24.5 seconds. 

Figure 11 illustrates that the proposed FCS-MPC controller swiftly responds to the specified 
set-point value and promptly adapts to changing conditions, such as load increments or energy 
storage converter system disconnections. In Zone 1, where the installed load is 27 watts, the 
FCS-MPC controller demonstrates the capability to bring the 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏 state near its designated set-
point value at about 40.3 volts, as indicated in Table 10. This bus voltage is achieved with an 
RMS ripple value of 0.48 volts, corresponding to approximately 1.2%. Upon entering Zone 2, 
characterized by an installed load of 35 watts (equivalent to 70% of PV power capacity) with the 
energy storage system disconnected, the FCS-MPC controller exhibits the ability to maintain the 
bus voltage at a level of 37.6 volts, representing 94% of the set-point value. The RMS ripple 
value in this scenario amounts to 0.32 volts or approximately 0.85%. Upon reconnection of the 
energy storage system with a load of approximately 27 watts, the bus voltage is reinstated to 40.1 
volts, accompanied by an RMS ripple of 0.24 volts, constituting roughly 0.6%. 

Figure 12 offers a comparative analysis of the system response between the FCS-MPC 
control system (red line) and the Linear Quadratic Regulator (LQR) control system (blue line) 
when subjected to load variations and energy storage system disconnection over a duration 
spanning from 7.5 to 20 seconds. Notably, Figure 12 reveals that while the LQR control system 
can maintain the bus voltage equal to 𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏_𝑟𝑟𝑟𝑟𝑟𝑟 when the energy storage system is disconnected, 
it is visually evident that voltage and current ripples are considerably prominent. In Zone 1, the 
bus voltage and the PV current ripple measure 0.57 volts and 0.18 amperes, while in Zone 2, the 
corresponding values are 0.41 volts and 0.14 amperes (as presented in Table 11). A 
distinguishing characteristic of the FCS-MPC control system's response is that it exhibits 
significantly reduced PV current ripple, approximately one-third of what is observed with the 
LQR control system. 

 
Table 10.FCS-MPC system’s states response 

 Zone 1 Zone 2 Zone 3 
Value 𝒗𝒗𝒃𝒃𝒃𝒃𝒃𝒃 

(V) 
𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

𝒗𝒗𝒃𝒃𝒃𝒃𝒃𝒃 
(V) 

𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

𝒗𝒗𝒃𝒃𝒃𝒃𝒃𝒃 
(V) 

𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

Mean 40.3 0.76 0.58 37.6 - 0.91 40.1 0.84 0.5 
Ripple 0.48 0.27 0.05 0.32 - 0.03 0.24 0.28 0.03 

 
Table 11. LQR system’s states response 

 Zone 1 Zone 2 
Value  𝒗𝒗𝒃𝒃𝒃𝒃𝒃𝒃 

(V) 
𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

𝒗𝒗𝒃𝒃𝒃𝒃𝒃𝒃 
(V) 

𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

𝒊𝒊𝑳𝑳𝑳𝑳𝑳𝑳 
(A) 

Mean 40.7 0.55 0.65 40.2 - 1.1 
Ripple 0.57 0.16 0.18 0.41 - 0.14 
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Based on the outcomes derived from this experimentation, it becomes evident that the 
proposed FCS-MPC controller can uphold bus voltage at its set-point value when the energy 
storage system is disconnected. Furthermore, it accomplishes this with a reduced ripple 
component compared to the LQR control system. This condition enhances the advantages of the 
FCS-MPC controller due to sustaining the reliability and performance of the PV system during 
the sunlight energy harvesting process. 

6. Conclusion 
 This paper has demonstrated that the proposed FCS-MPC is capable of effectively sustaining 
the DC bus voltage close to its specified set-point value, even when the energy storage system is 
disconnected from the network. 
 The simulation outcomes unequivocally reveal that the proposed control methodology 
significantly contributes to the sustaining of the micro-grid bus voltage, even in scenarios where 
the energy storage step-up converter system is non-operational. The control system effectively 
maintains the bus voltage at a level 4.23% below the nominal value, even with the energy storage 
system switched off and a load of 850 watts. Moreover, the observed overshoot during load 
transitions, specifically from 17 Ω to 34 Ω (equal to 850 watts to 425 watts) or from 20 Ω to 40 
Ω (equal to 720 watts to 360 watts), is minimal, registering at 4.2%. In reaction to load 
adjustments, the system exhibits a quick response time of about 0.5 seconds. 
 Notably, while experimental results suggest that the LQR control system outperforms the 
FCS-MPC controller in sustaining bus voltage under conditions of energy storage system 
disconnection, the FCS-MPC controller exhibits the distinct advantage of generating reduced PV 
current ripples compared to the LQR system. This feature presents a noteworthy advantage, as 
the minimized PV current ripple plays a pivotal role in safeguarding the reliability and 
performance of the PV system during the sunlight energy harvesting process. Further exploration 
of computational efficiency within this controller, including overcoming the issue of constant 
power loads, also conducting a comparative analysis to assess the effectiveness of FCS-MPC 
control in comparison to similar methodological approaches, such as the safe ball algorithm [25], 
is a promising avenue for prospective research. 

 
Figure 12. Comparison the FCS-MPC system response to the LQR. 
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