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ABSTRACT 
 

Photovoltaic system applications require to use a solar panel, a power converter, and a load. When voltage 
reduction from a panel to a battery is necessary, a buck converter is usually proposed. In the specialized literature, 
there are a wide variety of controllers oriented to commercial panels; However, even though measuring the energy 
extraction of a solar panel is the main indicator, there are other metrics such as switching effort that also affect the 
overall performance of the PV system. The main contribution of this work is the design of two digital controllers for 
photovoltaic energy extraction: a servo system controller with integrator and a PI controller based on root locus 
techniques considering an MPPT algorithm and system perturbations to demonstrate the reliability and efficiency 
of the controllers under different system scenarios.  
Keywords:  PV system model, Buck converter control, RLM control, Servo-type control, MPPT algorithm 
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CONTROL DEL PUNTO DE MÁXIMA POTENCIA DE UN PANEL SOLAR, UTILIZANDO CONTROLADORES 
TIPO SERVO CON INTEGRADOR Y CONTROLADOR PI DISEÑADO MEDIANTE EL MÉTODO DEL LUGAR 

DE LAS RAÍCES 
 

RESUMEN 
 
En aplicaciones de sistemas fotovoltaicos se requiere utilizar un panel solar, un convertidor de potencia y una 
carga. Cuando es necesario adecuar el voltaje de un panel a una batería, generalmente se propone un convertidor 
reductor. En el estado del arte, se encuentran gran variedad de controladores orientados a paneles comerciales; 
sin embargo, a pesar de que medir la extracción de energía de un panel solar es el indicador principal, existen 
otras métricas como el esfuerzo de conmutación que también afectan el rendimiento del sistema fotovoltaico. La 
principal contribución de este trabajo es el diseño de dos controladores digitales para la extracción de energía 
fotovoltaica: un controlador tipo servo con integrador y un controlador PI basado en técnicas del lugar geométrico 
de las raíces que consideran un algoritmo MPPT y perturbaciones del sistema para demostrar la confiabilidad y la 
eficiencia de los controladores bajo diferentes escenarios del sistema.  
  
Palabras clave: Modelos de sistemas PV, convertidores Buck, control RLM, Control tipo servo, Algoritmo MPPT  
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1. INTRODUCTION 

Due to the exponential growth of photovoltaic (PV) installation worldwide, the scientific community has 
addressed the issue of optimizing energy production and reducing the costs of this technology. However, its 
efficiency is strongly affected by climatic factors such as temperature, irradiance, and partial shading [1]; these 
perturbations directly affect the maximum power point (MPP) tracking strategy, so keeping the PV at this point 
proposes to find a robust solution to any disturbance of this nature [2]; typically, MPPT techniques are used 
in solar systems to extract the maximum power regardless of the current climatic [3]. 
 
There is a large state of the art around control strategies and power converters implemented to regulate energy 
in PV systems, including classic linear strategies such as PID in different DC-DC converter types [4,5], as well 
as nonlinear strategies such as sliding mode control (SMC) [6-8], intelligent neural networks [9,10] and 
adaptative control strategies [11]. However, some of these controllers require an analog implementation that 
can significantly increase its costs. In parallel, embedded system programming technology has reduced the 
gap between analog and digital system implementation [12], thereby it is simpler the use of such devices to 
control electrical systems that require processing speed. 
 
Also, there are numerous reports on proposed controllers for PV systems and a pulse width modulated (PWM) 
switched converter [13,14]. Similarly, different control strategies have been compared for the same system, 
exposing the facilities and difficulties that each strategy presents for a specific system; for example, the use 
of a buck-boost converter to regulate the transfer of power from a solar panel to a DC bus voltage [15]. On the 
other hand, PI and servo type controllers have been applied for PV systems that require an inverter stage; 
this, through pole placement, ensuring compliance with the design criteria for the controller.  
 
Recently, there is an interest from the specialized scientific community in detailing the different control 
strategies and architectures of PV systems present in the state of the art, as mentioned in [16], which presents 
a comprehensive report on the advances in control strategies for different PV configurations with power 
converters, mentioning that each configuration is unique and therefore an appropriate design is required. On 
the other hand, the work of [17] details a review of the topologies applied for PV systems aimed at 
interconnecting DC buses.  
 
Given the above, there are a large variety of control strategies to proper regulate the extraction of energy from 
a PV panel, considering the integration into electricity distribution networks that supply energy to industrial 
users, allowing to significantly reduce operating costs and increase competitiveness in productive sectors. In 
this context, solar PV systems could satisfy a significant percentage of the electricity needs of industrial 
companies in a cost-effective and reliable way [18],[19]. 
 
 
For this reason, each PV system requires a precise control strategy design to regulate the transferred energy 
as addressed in this work; to achieve it, a 210W PV system linked to a 12V DC bus is proposed. Such a 
methodology considers the design and evaluation of two digital control strategies developed in 
Matlab/Simulink®, considering environmental disturbances for a commercial PV model; additionally, the need 
to tune the MPPT algorithm for each proposed control strategy is evidenced. The article is divided into six 
sections, the first one being the introduction, followed by the proposed electrical model on which both. The 
MPPT algorithm and the control strategies will be evaluated together. As the third section, the description of 
the proposed MPPT algorithm, the fourth section explains in detail the analysis of the control strategies 
designed as the fifth section the discussion of the results and finally the conclusions of this work.  

 
 

2. MATERIALS AND METHODS 

The proposed system consists of a PV panel connected to a DC microgrid through a buck converter allowing 
to regulate the energy extracted from the renewable source. To represent it, there are different proposals in 
the specialized literature, such as, the Single Diode Model (SDM) [20] or the Double Diode Model (DDM) [21]. 
These models are notable for their accuracy in representing the dynamic response of a PV module along its 
P-V curve, some are more suitable for low irradiances and others for high irradiances. However, due to the 
accuracy reported by these models, control strategies also become more complex in the presence of non-
linear variables. For this reason, linear approximations like the Norton equivalent circuit becomes a suitable 
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solution given its simplicity in representing the behavior of a PV panel around an operating point [22]. 
Therefore, as shown in Figure 1 the Norton model is adopted (SDM), which considers a current source with 
the short circuit current (𝐼𝑠𝑐) of the PV panel, in parallel the resistor (𝑅𝑝𝑣) which is calculated as shown in 

Equation (1).  

 
Figure 1. Buck converter interfacing a PV module and a DC bus. 

 

 𝑅𝑝𝑣   =  
𝑉𝑚𝑝

𝐼𝑚𝑝

 
 

(1) 

 
Where 𝑉𝑚𝑝 and 𝐼𝑚𝑝 correspond to voltage and current at maximum power respectively. Subsequently, an ideal 

buck-type step-down converter is proposed and connected to a DC bus which is represented by a DC voltage 
source describing the voltage regulated by an external control strategy; thus, the voltage is constant. In 
addition, for the system to operate around the maximum power point, it is necessary to monitor the 
performance of the PV module, to find the optimal operating point for the current environmental conditions by 
means of an optimization algorithm [23]. For this case, the perturb and observe (P&O) algorithm is proposed, 
which has been widely adopted by different control methodologies due to its simplicity and ease of 
implementation [24].  
 
2.1. Mathematical model of the proposed system.  
 
Due to the need to regulate the energy extracted from the PV system, the interest in modelling the behavior 
is centered on the capacitor current 𝐶𝑝𝑣 and the inductor voltage 𝐿; furthermore, the inductor (𝑅𝐿 = 0.1 Ω) and 

diode (𝑉𝐷 = 0.8V) losses are included to provide a refined approximation. In this way, Equations (2) and (3) 
describe the dynamics of the switched model, which are presented below.  
 

𝑑

𝑑𝑡
𝑖𝐿(𝑡) =

1

𝐿
⋅ (𝑣𝑝𝑣(𝑡) ⋅ 𝑆(𝑡) − 𝑅𝐿 ⋅ 𝑆(𝑡) ⋅ 𝑖𝐿(𝑡) −  𝑉𝐷(1 − 𝑆(𝑡)) − 𝑉𝐵𝑢𝑠) 

 
(2) 

 

𝑑

𝑑𝑡
𝑣𝑝𝑣(𝑡) =

1

𝐶𝑝𝑣

⋅ (𝐼𝑠𝑐 −
𝑣𝑝𝑣(𝑡)

𝑅𝑝𝑣

− 𝑖𝐿(𝑡) ⋅ 𝑆(𝑡)) 
 

(3) 

 
To obtain the averaged model of the system, the signal 𝑆(𝑡) is replaced by the duty cycle (𝐷); in this way, the 
ripple product of switch switching is replaced by its average. For this reason, Equations (4) and (5) are modified 
as shown below.  
 

𝑑

𝑑𝑡
𝑖𝐿(𝑡) =

1

𝐿
⋅ (𝑣𝑝𝑣(𝑡) ⋅ 𝐷 − 𝑅𝐿𝐷𝑖𝐿 − 𝑉𝐷(1 − 𝐷) − 𝑉𝐵𝑢𝑠) 

 
(4) 

 
𝑑

𝑑𝑡
𝑣𝑝𝑣(𝑡) =

1

𝐶𝑝𝑣

⋅ (𝐼𝑠𝑐 −
𝑣𝑝𝑣(𝑡)

𝑅𝑝𝑣

− 𝑖𝐿(𝑡) ⋅ 𝐷) 
 

(5) 

 
Taking as state variables 𝑖𝐿(𝑡) and 𝑣𝑝𝑣(𝑡) furthermore, as input 𝑢 = 𝐷, the linearised system in state space is 

defined by Equations (6) and (7) 
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[
𝑖𝐿̇(𝑡)

𝑣𝑝𝑣̇ (𝑡)
] =

[
 
 
 
−𝑅𝐿𝐷

𝐿

𝐷

𝐿

−
𝐷

𝐶𝑝𝑣
−

1

𝑅𝑝𝑣 ⋅ 𝐶𝑝𝑣]
 
 
 

[
𝑖𝐿(𝑡)

𝑣𝑝𝑣(𝑡)
] +

[
 
 
 
 
𝑉𝐷 + 𝑣𝑝𝑣(𝑡) − 𝑅𝐿𝑖𝐿(𝑡)

𝐿
0 −

1

𝐿

−
𝑖𝐿(𝑡)

𝐶𝑝𝑣

1

𝐶𝑝𝑣
0

 

]
 
 
 
 

[

𝐷(𝑡)

𝐼𝑠𝑐(𝑡)

𝑉𝐵𝑢𝑠(𝑡)
] 

 
 

(6) 

 
 

 𝑦(𝑡) = [0 1] [
𝑖𝐿(𝑡)

𝑣𝑝𝑣(𝑡)
] 

 
 (7) 

 

3. Controller design 

Once the mathematical model of the system has been established, two control strategies are calculated using 
pole placement, the first using the root locus method (RLM) and the second using a servo system with 
integrator controller and full order observer. In both control strategies the poles are placed under the same 
time response specifications. In both cases, the panel voltage is controlled using the values estimated by the 
P&O algorithm as a reference.  
 
3.1 PI controller design with RLM 

 
This method can be used in the design of continuous or discrete controllers, when it is desired to locate the 
dominant closed-loop poles at a certain position and the system performance specifications are known, in 
terms of the transient response such as: maximum over impulse, natural frequency, damping coefficient, 
settling time, [25] etc. The steps for tuning a discrete PI controller, using the RLM, are listed below. 
 

• Determine the transfer function of the plant 𝐺𝑃(𝑆).  
• Determine the location of the desired closed-loop dominant poles (𝑆𝑜) , considering the required 
performance specifications of temporal response. 

• Determine the phase angle that the controller must provide for the system to meet the desired closed-loop 
pole angle condition. This allows the time integral (𝑇𝑖) of the controller to be calculated (8)  
 

∡𝐺𝑐(𝑆)𝐺𝑝(𝑆)|(𝑆=𝑆0) = −180𝑜  (8) 

 
Where term 𝐺𝑐(𝑆) is defined by Equation (9): 
 

𝐺𝑐(𝑆) =
𝑀(𝑆)

𝐸(𝑆)
= 𝐾𝑐 (1 +

1

𝑇𝑖𝑆
) =

𝐾𝑐[𝑇𝑖𝑆 + 1]

𝑇𝑖𝑆
 

 
(9) 

 

• The gain 𝐾𝑐 of the controller is calculated using the modulus condition given by Equation (10) 
 

|𝐺𝑐(𝑆)𝐺𝑝(𝑆)|
(𝑆=𝑆𝑜)

= 1 (10) 

 

• The discrete equivalent 𝐷(𝑧) of the estimated continuous controller 𝐺𝑐(𝑆) can be obtained using the bilinear 
transformation or the Tustin method [26] given by Equation (11):  
 

𝐺𝑐(𝑧) =
𝑀(𝑧)

𝐸(𝑧)
= 𝐺𝑐(𝑆)|

𝑆=
2(𝑧−1)
𝑇(𝑧+1)

 
 

(11) 

 
Where (𝑇) is the sampling period. 
 
3.2 PI Servo type controller design with integrator 

 
Figure 2 shows a full-order observer state feedback control system in which an additional integrator is used 
to properly stabilize the system and improve its accuracy [27, 28].  
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Figure 2. Servo system with integrator 

 
The control system consists of a full-order state observer which estimates the non-measurables state variables 
and an integrator whose purpose is to reduce the SteadyState error to zero. The addition of the integrator 
increases the order of the system by one, therefore, it is necessary to work with extended matrices (12) and 
(13).  
 

𝐴̂ = [
𝐴 𝐵
0 0

]
(𝑛+𝑚)𝑥(𝑛+𝑚)

  
(12) 

 

𝐵̂ = [
𝐵
0
]
(𝑛+𝑚)𝑥𝑚

 (13) 

 
Calculation of the matrices 𝐾1 and 𝐾𝑖 in the Equations (14) and (15) 
 

𝐾 = [0 0 … 1][𝐵̂ 𝐴̂𝐵̂ 𝐴̂2𝐵̂ … 𝐴̂𝑛−1𝐵̂]−1𝜙(𝐴) (14) 

 

[𝐾1: 𝐾𝑖] = [𝐾 + [0: 𝐼𝑚]] [
𝐴 − 𝐼𝑛 𝐵

𝐶𝐴 𝐶𝐵
]
−1

 
 

(15) 
 
Where 𝜙(𝐴) is given by Equation (16) 

 

𝜙(𝐴) = 𝐴̂𝑛 + α1𝐴̂
𝑛−1 + α2𝐴̂

𝑛−2 + … + α𝑛𝐼 (16) 

 
Where α1, 𝛼2,

… . α𝑛 are the coefficients of the desired characteristic equation for the feedback gain matrix with 

the integrator. 
 
The Observer Gain Matrix, Lob is estimated using the Ackerman formula [29] given by Equation (17) 
 

𝐿𝑜𝑏 = 𝜙(𝐴)

[
 
 
 
 

𝐶
𝐶𝐴
𝐶𝐴2

⋮
𝐶𝐴𝑛−1]

 
 
 
 
−1

[
 
 
 
 
0
0
0
⋮
1]
 
 
 
 

 

 
 

(17) 

 

Where ϕ(𝐴) is given by Equation (18) 

 
𝜙(𝐴) = 𝐴𝑛 + 𝛼1𝐴

𝑛−1 + 𝛼2𝐴
𝑛−2 + … + 𝛼𝑛𝐼 (18) 

 
 

 

 
3.3 MPPT Algorithm perturb and observe (P&O) 
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The P&O algorithm involves making small periodic perturbations by increasing or decreasing the output volt-
age of the photovoltaic system. If the perturbation results in a higher power output, the next perturbation 
continues in the same direction; otherwise, the direction of the perturbation is changed. Once the maximum 
power point is reached, the algorithm utilizes its characteristics to maintain the operating point oscillating 
around that point [30]. The flow chart of the P&O method is shown in Figure 3 where the output provides a 𝑣𝑝𝑣 

reference to the controller. 
 

 
 

Figure 3. flow chart of P&O method. 

 

4. RESULTS 

Considering the information from Table 1, Figure 3 describe the proposed system to 
be evaluated in its performance, for the two control strategies detailed in the section 
3. Replacing the values of Table 1 in Equations (6) and (7), the state-space model is 
given by (19) and (20).  
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Figure 3.Proposed system to be evaluated with LRM and Servo type controller. 

 
Table 1. Operating point values. 

 
Parameter Symbol Value Unit 

Capacitor 𝐶𝑝𝑣 216.84 𝜇𝐹 

Inductor 𝐿 35.229 𝜇𝐻 

DC Bus voltage 𝑉𝐵𝑢𝑠 12 𝑉 

Voltage at maximum power 𝑉𝑚𝑝 19.9771 𝑉 

Current at maximum power 𝐼𝑚𝑝 8.8797 𝐴 

Short circuit current 𝐼𝑠𝑐 11.07 𝐴 

Norton model resistance at MPP 𝑅𝑝𝑣 1.915 𝛺 

 

[
𝑖1̇(𝑡)

𝑣𝑝𝑣̇ (𝑡)
] = [ −1827 1.827 ·  104

−2968 −505.6 
   ] [

𝑖𝐿(𝑡)

𝑣𝑝𝑣(𝑡)
] + [ 5.646 ·  105

−4.095 ·  104] 𝐷(𝑡) 
(19) 

 

𝑦(𝑡) = [ 0       1] [
𝑖𝐿(𝑡)

𝑣𝑝𝑣(𝑡)
] 

(20) 

 
The discrete-time system with T =  13.4𝜇𝑠 is (21) and (22) 
 

[
𝑖𝐿(𝑘 + 1)

𝑣𝑝𝑣(𝑘 + 1)
] = [ 

0.9709 0.2418
−0.03928 0.9884

   ] [
𝑖𝐿(𝑘)

𝑣𝑝𝑣(𝑘)
] + [

7.431
−0.6989

]𝐷(𝑘) 
(21) 

 

[𝑦(𝑘)] = [ 0       1] [
𝑖𝐿(𝑘)

𝑣𝑝𝑣(𝑘)
] 

 (22) 

 
The transfer function which relates the panel voltage to the duty cycle 𝐷(𝑡) is (23) 
 

𝐺𝑝(𝑆) =
−4.095 ·  104 𝑆 −  1.75 ·  109

𝑆2  +  1321.4 𝑆 +  5.514 ·  107
 

(23) 

 
For the design of the controllers, the poles are set to obtain a closed-loop settling time equal to 75% of 
corresponding to the model of the original open-loop system and a damping coefficient of 0.7 is assumed. The 
controller obtained with the root locus method gives as a result the Equation (24) 
 

𝐺𝑐(𝑧) =
−0.03231𝑧 +  0.03223

𝑧 −  1 
 

(24) 

 
Likewise, for the servo controller with integrator, the following matrices for the state feedback are obtained 
(25) and (26) 
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𝐾1 = [0.1223 − 0.1287] (25) 
 
 

𝐾𝑖 = [−0.0028] (26) 
 
To calculate the observer matrix, a settling time equal to 60% of corresponding open-loop model of the original 
system and a damping coefficient of 0.7 is assumed as shown in Equation (27) 
 

𝐿𝑜𝑏 = [
0.2243
0.0116

] (27) 

 
Once the control strategies are designed, the next step corresponds to build the PV system, the P&O algorithm, 
and the control strategies in the Simulink environment as detailed in Figure 4. 
 

 
Figure 4. Proposed system in Simulink. 

 
As shown in Figure 4, four labels show each designed system, the first one corresponds to the P&O algorithm 
written in C language. Next, the PV system is created as detailed in Figure 5.  
 

 
 

Figure 5. PV system linked to a DC bus interfaced by a buck converter. 

 
In Figure 5, a PV array block is parameterized with the commercial values of the PV panel reported in [31]. Then, 
the parameters of Table 1 are provided to the components. Likewise, in Figure 6 the servo type controller config-
uration is provided. 
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Figure 6. Servo type controller configuration. 

 
 
Finally, in Figure 7 the RLM controller configuration is detailed where gain “L”, “K1” and “Ki” correspond to the 
Equations (25), (26) and (27), respectively. 
 

 
Figure 7. RLM controller configuration. 

 
Moreover, in Figure 7 depicts the transfer function obtained by Equation (24) to locate the desired 
poles given the designer criteria. 
  

5. DISCUSSION 

In the simulation of the incident radiation signal on the photovoltaic panel, an up-and-down ramp was used 
in the solar radiation profile, because physically the variation of solar radiation does not follow the behavior 
of a step signal.  
To test the designed controllers, it is proposed the next conditions; first, the irradiation begins at 800 W/m2 
for 0.4 seconds, then a ramp-type perturbation to reach 1000 W/m2 is performed for the next 0.4 seconds 
and then, a downward ramp until 700 W/m2 until 1.4 seconds. In Figure 8, the ideal power generated by the 
panel and the actual power obtained with each of the designed controllers are shown. At the beginning of 
the first ramp, there is a noticeable difference between the ideal trajectory and the one obtained with both 
controllers. This is because the MPPT algorithm is in the process of adjusting the reference. Once the 
reference is reached, the actual power aligns with the reference generated by the MPPT. An analysis of the 
response indicates that the MPPT algorithm and the designed controllers allow for proper tracking of the 
maximum ideal power in response to changes in the irradiation value. Figure 9 corresponds to the response 
of tracking the maximum power voltage reference delivered by the MPPT algorithm for each of the controllers. 
In both cases, the tracking of the reference is acceptable, with a smooth response and barely noticeable 
oscillations. It is evident that the Servo type controller with integrator exhibits a shorter settling time compared 
to the RLM. Figure 10 represents the behavior of the control law for the two regulators. It can be observed 
that both regulators exhibit a smooth behavior without saturation or significant overshoots. The output of both 
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controllers remains around similar values, with a duty cycle of approximately 70%, indicating a low variability 
control effort. 

 

 
Figure 8. Comparison of power extraction between the two control strategies 

 

 
Figure 9. Response of controlled systems 

 
In Table 2, the obtained values of performance indices used to compare the performance of the controllers 
are presented. The criteria used include the Integral of the Absolute Error for reference tracking (IAE), for 
panel voltage and output power; also, the Effort of the Manipulated Variable (EMV) to evaluate the duty cycle 
performance. Based on the information from Table 2, it can be noted for the proposed system configuration, 
the servo PI controller presents a better performance from the  
𝐼𝐴𝐸𝑉𝑜𝑙𝑡𝑎𝑔𝑒 and EMV metrics, indicating a more accurate operation and soft switching performance in the PV 

system; nevertheless, the RLM control reports a lower  𝐼𝐴𝐸𝑃𝑜𝑤𝑒𝑟 which indicates that such a strategy performs 
better to extract the maximum available power but increasing the EMV; i.e., a more aggressive switching. 
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Figure 10. The response of the control law 
 

Table 2.Controller performance index for extracted power and panel voltage. 

Control PI RLM PI Servo type 

𝐼𝐴𝐸𝑉𝑜𝑙𝑡𝑎𝑔𝑒 0.2665 0.1308 

𝐼𝐴𝐸𝑃𝑜𝑤𝑒𝑟 2.298 2.981 

𝐸𝑀𝑉 0.004319 0.003484 

 

6. CONCLUSIONS  

The simulation of the PV system performance was conducted using Matlab/Simulink® software, employing a 
P&O algorithm and two control strategies: a servo controller with an integrator and a PI controller based on 
root locus techniques. This proyect provides a valuable tool for simulating and implementing MPPT and control 
strategies that best suit the solar panel's charge control system. Analyzing the solar panel's behavior is highly 
useful for sizing photovoltaic systems. Through these simulations, it becomes possible to predict, with greater 
accuracy, the amount of energy that can be generated in response to changes in irradiance. 
 
Two control strategies were designed: PI control using RLM and a Servo type system with integrator. Both 
controllers follow the voltage reference imposed by the MPPT algorithm. The responses do not exhibit 
oscillations other than those caused by the switching of the MOSFETs, nor do they show overshoot. In terms 
of settling time, it is observed that the servo-type algorithm with integrator has a faster response speed. 
Regarding control effort, both controllers behave similarly, presenting a PWM with a duty cycle of 
approximately 70%, exhibiting smooth action, and no saturation in the final control element. Commercial PV 
systems coupled with a power converter propose a unique system to be controlled. Thus, it is necessary to 
design one that satisfies not only the controller criteria, but also certain efficiency metrics such as IAE and 
EVM. Thus, it would be possible to find among the different applicable controllers, the one that best fits the 
system. 
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