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1. Introduction 

Photovoltaic (PV) systems have become a prospective research topic in the last decades [1]-[3]. 

PV systems are one of the promising alternative solutions to the provision of environmentally friendly 

electrical energy [4], [5]. The main problem of the PV systems is that their maximum power point 

changes according to environmental conditions, such as solar irradiance, temperature, and partial 
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 Output voltage of photovoltaic DC bus tends to fluctuate with environment 

and load dynamics. To prevent undervoltage or overvoltage that may 

disrupt load operation, a voltage regulator is required. This article proposes 

a new voltage regulator using a buck converter and RLS-PZC-based 

autotuning PID with output scaler and discharge path. The research 

contribution includes minimizing voltage fluctuation and maintaining the 

transient response characteristic. Periodically, RLS (Recursive Least 

Squares) identifies the buck converter's transfer function by processing its 

input-output signals, and then PZC (Pole Zero Cancellation) uses the RLS 

result to update PID parameters in producing an overshoot-free DC bus 

voltage that settles in a specified duration. To prevent the output from 

fluctuating due to input voltage variation, the input voltage is read by a 

sensor, and the output scaler uses the reading to adjust the PID output in 

keeping forward path gain at a particular value. A discharge path is 

activated during negative PID output to further reduce spikes caused by 

load shedding. The proposed method is simpler and deterministic, unlike 

metaheuristic approaches. It is implemented in a Matlab script and C 

program code running on an 8-bit 16-MHz microcontroller in a Proteus 

simulation. Results show that RLS-PZC can identify load changes and 

retune PID parameters in 40.2 ms. The output fluctuation due to input 

voltage variation can be significantly reduced by the output scaler, where 

its ITAE (Integral of Time-weighted Absolute Error) is only 9.27% of 

regular PID. Employing a discharge path can improve voltage regulation 

by reducing the regular PID spikes up to 73.6% when a 5-ohm load is shed 

from a 50-ohm default load. 
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shading phenomenon [6]-[8]. This problem has been successfully solved using a solar tracker [9]-[12] 

and an MPPT (Maximum Power Point Tracker). MPPT is a more attractive solution than solar trackers 

due to lower investment and higher power efficiency. There are three types of MPPT, including 

classical, intelligent, and optimization [13]. Some examples are P&O [14]-[19], INC [20], [21], 

Neuro-Fuzzy [22]-[28], MCA-FOCV [29], RP-FOSMC [30], PSO [31]-[33], GTO [34], GWO [35]-

[37], AFO [38], SM [39], Snake [40], and Adaptive Jaya [41]. All these MPPT algorithms work by 

adjusting the duty cycle of a power converter connecting the PV system to the load so that PV power 

can be delivered to the load optimally. Such a working principle causes the MPPT output voltage to 

fluctuate following the environmental conditions and load demand [42]-[44]. If the voltage 

fluctuations are not handled properly, they can lead to overvoltage and undervoltage, which in turn 

disrupt the load operation [45]. To address this problem, a voltage regulator is needed [46]-[48].   

In the case of a PV system, the voltage regulator is a device that receives an input voltage from 

the MPPT and produces an output voltage on the DC bus with an amplitude maintained at a certain 

level [49]. As the MPPT output voltage is higher than the desired DC bus voltage, the voltage regulator 

can be developed using a buck converter and its controller [50]. The regulator should combat two 

disturbances, including the non-constant input voltage as a result of the MPPT and the dynamic load 

as a result of demand. Based on the mathematical analysis described later in this paper, changes in the 

input voltage will cause changes in the DC gain of the buck converter, while changes in the load will 

cause changes in the damping constant of the buck converter. Thus, the buck converter parameters 

vary with input voltage and load. To obtain good and consistent time response performance, an 

adaptive or autotuning controller is required. This type of controller is equipped with capabilities to 

tune its parameters online so that the control signal will always be correct, and hence the resulting 

response will be well maintained in any input voltage and load conditions [51].   

If the controller is PID, the general and well-known controller, then the autotuning mechanism 

can be developed using metaheuristic techniques like AOA [52], Fuzzy [53], [54], data-driven [55], 

Neural Network [56], ADIWASO PSO [57], RL [58], Deep RL [59], and Relay [60]. These techniques 

are indeterministic, rather complicated, and require more power consumption while executing the 

algorithm. This article proposes an autotuning RLS-PZC (Recursive Least Square – Pole Zero 

Cancellation) PID (Proportional Integral Derivative) with an output scaler and discharge path. This 

choice is motivated by the success of the RLS-PZC PI on first-order plants [61]. The RLS-PZC PID 

is a deterministic and simpler controller, thus less power consumption, unlike adaptive PID-based 

voltage regulators tuned using CNN [62], SSA-PSO [63], BAT [64], CI [65], or ELM [66]. The 

proposed controller is not only able to update the PID parameters quickly using the PZC (Pole Zero 

Cancellation) based on the buck converter's transfer function estimated using the RLS (Recursive 

Least Squares), but also inherently can identify load changes and hence will maintain its time response 

characteristics. The output scaler will address the input voltage variation effect on output voltage 

fluctuation by maintaining the forward path gain using a dynamic gain directly calculated based on 

input voltage measurement. The discharge path is for reducing overshoot caused by load shedding. 

For simplicity, the proposed system does not integrate a storage battery as described in [67]. 

The main contribution of this research lies in the RLS-PZC-based autotuning PID equipped with 

an output scaler and discharge path to regulate the DC bus voltage of the PV system at a certain value 

with significantly reduced fluctuation (undervoltage/overvoltage) and to maintain its time response 

characteristics even though both input voltage and load change dynamically.    

2. Method 

The proposed diagram for photovoltaic DC bus voltage regulation is shown in Fig. 1. The buck 

converter (𝐺) receives an uncertain load (𝑅) as a result of power demand and indeterministic input 

voltage (𝑉𝑖) as a result of MPPT working. PID controller (𝐶) is assigned to maintain the DC bus 

voltage (𝑉𝑜) to always be equal to the setpoint (𝑉𝑠) by processing the error signal (E) into the control 

signal (M) using PID parameters as a result of PZC, including proportional gain (𝐾𝑝), integral gain 
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(𝐾𝑖), and derivative gain (𝐾𝑑). Determination of PID parameters by PZC is based on the RLS-

estimated buck converter parameters (𝐾, 𝜁, 𝜔𝑛), the maximal PID output (𝑀𝑚𝑎𝑥), and the required 

time constant (𝜏).  

 

Fig. 1. Control diagram for buck converter voltage regulator using RLS-PZC PID with output scaler 

Research steps to verify the proposed method include: (a) obtaining the buck converter transfer 

function and verifying that input voltage affects DC gain and that load affects the buck converter 

damping constant; (b) determining the PZC formula and proving that PZC-tuned PID can produce 

overshoot-free response and that its settling time is as designed; (c) deriving the RLS algorithm and 

proving that RLS can estimate buck converter parameters; (d) confirming that the output scaler is able 

to suppress the influence of changes in input voltage to output voltage fluctuations; and (e) integrating 

the RLS, PZC, PID, output scaler, and discharge path to construct a complete adaptive controller and 

evaluating its capacity to maintain the DC bus output voltage and suppress overshoot significantly. 

Verifications are done by Matlab simulation, and several are by Proteus simulation, as Proteus can 

simulate a microcontroller running C program code for some algorithms as described in [68]-[70]. 

2.1. Transfer Function Derivation for Buck Converter 

A buck converter’s transfer function is required to prove that its DC gain depends on the input 

voltage, and its damping constant depends on the load. The transfer function is also needed for 

deriving the PZC formula. Consider a buck converter circuit, as shown in Fig. 2. 

 

Fig. 2. Buck converter circuit  

If S is a negligible impedance and high-frequency semiconductor switch, then the average output 

voltage of the switch (𝑉𝑖𝑠) can be expressed as 

 𝑉𝑖𝑠 = 𝐷𝑉𝑖 (1) 

where D is a duty cycle defined as 



ISSN 2775-2658 
International Journal of Robotics and Control Systems 

2489 
Vol. 5, No. 5, 2025, pp. 2486-2507 

  

 

Sidik Nurcahyo (Voltage Regulation Innovation for Photovoltaic DC Bus Using RLS-PZC-Based Autotuning PID 

with Output Scaler and Discharge Path) 

 

 𝐷 = 𝑇𝑜𝑛/𝑇 (2) 

𝑇𝑜𝑛 is the duration of the switch S for closing its contact, and 𝑇 is the switch period, where T=1/f. 

Meanwhile, the relation between output voltage 𝑉𝑜 and 𝑉𝑖𝑠 can be expressed as 

 𝑉𝑜/𝑉𝑖𝑠 = 𝑋𝑜/(𝑠𝐿 + 𝑋𝑜) (3) 

The output impedance 𝑋𝑜 can be calculated as follows. 

 𝑋𝑜 = 𝑅/(𝑠𝐶𝑅 + 1) (4) 

Substituting (4) into (3) yields 

 𝑉𝑜/𝑉𝑖𝑠 = [1/(𝐶𝐿)]/[𝑠2 + 𝑠/(CR) + 1/(CL)] (5) 

Eliminating 𝑉𝑖𝑠 in (5) using (1) yields buck converter transfer function. 

 𝑉𝑜/D = [𝑉𝑖/(CL)]/[𝑠2 + 𝑠/(𝐶𝑅) + 1/(CL)] (6) 

If (6) is compared with the following second-order transfer function. 

 G = Y/U = [𝐾ω𝑛
2 ]/[𝑠2 + 2ζω𝑛𝑠 + ω𝑛

2 ] (7) 

Then DC gain (K), damping constant (ζ), and the natural frequency (ω𝑛) are as follows. 

 𝐾 = 𝑉𝑖; 𝜔𝑛 = 1/√𝐶𝐿;  𝜁 = 1/(2𝑅√𝐶/𝐿) (8) 

This proves that DC gain depends on input voltage (𝑉𝑖) and damping constant depends on load (R). 

2.2. PZC Derivation for Tuning the PID Parameters 

Prior to applying the proposed autotuning PID on the DC bus regulation, the PZC formula needs 

to be derived first. Equation (7) can be rewritten. 

 𝐺 = 𝑏0/(𝑠2 + 𝑎1𝑠 + 𝑎0) (9) 

where 

 𝑏𝑜 = 𝐾𝜔𝑛
2;  𝑎𝑜 = 𝜔𝑛

2;  𝑎1 = 2𝜁𝜔𝑛 (10) 

Using the following PID transfer function. 

 𝐶 = (𝐾𝑑𝑠2 + 𝐾𝑝𝑠 + 𝐾𝑖)/𝑠 (11) 

The closed-loop transfer function is as follows: 

 𝐺𝑐 = (𝐾𝑑𝑠2 + 𝐾𝑝𝑠 + 𝐾𝑖)𝑏0/[𝑠(𝑠2 + 𝑎1𝑠 + 𝑎0) + (𝐾𝑑𝑠2 + 𝐾𝑝𝑠 + 𝐾𝑖)𝑏0] (12) 

The denominator of 𝐺𝑐 can be expanded. 

 𝑃𝐾1 = 𝑠3 + 𝑠2(𝑎1 + 𝐾𝑑𝑏0) + 𝑠(𝑎0 + 𝐾𝑝𝑏0) + 𝐾𝑖𝑏0 (13) 

To result in an overshoot-free response, two poles of PK1 need to be canceled using zero of 𝐺𝑐. 

This implies that PK1 need to be converted into the following PK2A, and its expanded form is PK2B. 

 
𝑃𝐾2A = (𝐾𝑑𝑠2 + 𝐾𝑝𝑠 + 𝐾𝑖)(s/Kd + α);  

𝑃𝐾2B = 𝑠3 + 𝑠2(𝐾𝑑α + 𝐾𝑝/𝐾𝑑) + 𝑠(𝐾𝑝α + 𝐾𝑖/𝐾𝑑) + 𝐾𝑖α 
(14) 

Equating the coefficient 𝑠0 of PK1 and PK2B yields: 
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 α = 𝑏0 (15) 

Equating the coefficient 𝑠1of PK1 and PK2B and replacing α with 𝑏0 yields: 

 𝐾𝑖 = 𝑎0𝐾𝑑 (16) 

Equating the coefficient 𝑠2of PK1 and PK2B and replacing α with 𝑏0 yields: 

 𝐾𝑝 = 𝑎1𝐾𝑑 (17) 

Applying PK2A as the denominator of 𝐺𝑐 results in: 

 𝐺𝑐 = 1/[s/(𝐾𝑑𝑏0) + 1] (18) 

Hence, the closed-loop time constant (τ) can be expressed. 

 τ = 1/(𝐾𝑑𝑏0) (19) 

If the buck converter’s settling time (𝑡𝑠 = 4𝜏) is selected at design, then: 

 𝐾𝑑 = 1/(τ𝑏0) (20) 

Finally, the PID parameters (Kp, Ki, and Kd) can be calculated using (17), (16), (20), and buck 

converter parameters. 

2.3. RLS Algorithm for Estimating the Buck Converter Parameters 

The RLS algorithm is required to estimate buck converter parameters through buck converter 

input-output signals. To implement the RLS algorithm on 8-bit low-speed microcontrollers, complex 

variable (s) of (9) is need to be replaced with the following backwards euler [71]. 

 𝑠 ← (1 − 𝑧−1)/𝑇 (21) 

where T is sampling time, thus resulting in the following difference equation: 

 𝑦 = (𝑏𝑜𝑇2𝑢 + (2 + 𝑎1𝑇)𝑦𝑧−1 − 𝑦−2)/(𝑎1𝑇 + 𝑎𝑜𝑇2 + 1) (22) 

where u and y are the input and output of the buck converter, respectively. The parameters to be 

estimated include 𝑏𝑜, 𝑎𝑜, and 𝑏1. For simplicity, defined: 

 𝑦 = 𝑝𝑢 + 𝑞𝑦1 + 𝑟𝑦2 (23) 

where 𝑝 = 𝑏𝑜𝑇2/𝑁;  𝑞 = (2 + 𝑎1𝑇)/𝑁;  𝑟 = 1/𝑁;  𝑁 = 𝑎1𝑇 + 𝑎𝑜𝑇2 + 1. Variables 𝑦1 and 𝑦2 

represent 𝑦𝑧−1 and 𝑦𝑧−2, respectively. The parameters of p, q, and r can be estimated through RLS 

[72], where its algorithm is as shown in Table 1.  

If those parameters have been found, then plant parameters 𝑎1, 𝑎𝑜, and 𝑏𝑜 can be calculated using 

𝑎1 = (𝑞/𝑟 − 2)/𝑇; 𝑎𝑜 = (1/𝑟 − 1 − 𝑎𝑇)/𝑇2; 𝑏𝑜 = 𝑝/(𝑟𝑇2). This algorithm includes 11 steps, but 

only 9 steps are required for each iteration, as the first is an initialization done once, and the last step 

is a repeat instruction for the RLS algorithm. Step 9 is optional; it is required to compare the estimated 

output to the actual output. Step 10 is for calculating PID parameters, and it is mandatory, as the final 

goal of RLS is to get PZC-tuned PID parameters that can maintain performance. 

2.4. PID with Output Scaler   

The simplified form of Fig. 1 without RLS and PZC is shown in Fig. 3. Based on (6), DC gain 

for G is changed when 𝑉𝑖 changes; hence, the forward path gain of this control system is also changed 

with 𝑉𝑖. Meanwhile, the PWM gain that receives the carrier frequency 𝑓𝑐 is fixed for various 𝑉𝑖. If the 

default PID parameters were calculated using PZC with input voltage 𝑉𝑖𝑟 and the actual input voltage 
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𝑉𝑖 differs from 𝑉𝑖𝑟, then to ensure that the default PID parameters still comply with any value of 𝑉𝑖, 

the forward path gain needs to be fixed using the output scaler Q having a dynamic gain. 

 𝑄 = 𝐷/𝑀 = 𝑉𝑖𝑟/𝑉𝑖 (24) 

where 𝑉𝑖 is measured and 𝑉𝑖𝑟 is determined at design. This solution is different from standard 

feedforward compensation [73], where it adjusts forward gain directly based on measured buck 

converter input voltage, rather than based on the estimated plant parameters. It also differs from gain 

normalization, where input voltage is used for scaling the adaptation gain, not for fixing the forward 

path gain. PV’s uncertainties will only contribute to variation in MPPT output voltage that in turn 

causes variation in the buck converter’s input voltage or plant DC gain and finally changes forward 

path gain. As forward path gain is fixed by the output scaler and load change is detected recursively 

by RLS, then in principle, global stability will be ensured. 

 

Fig. 3. Closed-loop PID control with output scaler Q 

Table 1.  RLS algorithm for buck converter 

Step Low level Operations Remaks 

1 

𝑦1 = 0; 𝑦2 = 0; 𝑝11 = 𝑝22 = 𝑝33 = 𝛿 = 1000; others 

zero; 

𝑝 = 0; 𝑞 = 0; 𝑟 = 0;  𝜆 = 0.98 

Initialise variables 

𝑃 = [

𝑝11 𝑝12 𝑝13

𝑝21 𝑝22 𝑝23

𝑝31 𝑝32 𝑝33 
] 𝜃 = [

𝑝
𝑞
𝑟

] ;  Φ = [

𝑢
𝑦1

𝑦2 
]  

2 [𝑢, 𝑦] = readInputOutput() Read [u,y], update Φ with u. 

3 𝑒 = 𝑦 − (𝑝𝑢 + 𝑞𝑦1 + 𝑟𝑦2) 
Calculate error 

𝑒 = 𝑦 − 𝑦̂ 

4 

𝛽 = 𝜆 + 𝑢(𝑝11𝑢 + 𝑝12𝑦1 + 𝑝13𝑦2)
+ 𝑦1(𝑝21𝑢 + 𝑝22𝑦1 + 𝑝23𝑦2)
+ 𝑦2(𝑝31𝑢 + 𝑝32𝑦1 + 𝑝33) 

𝑘1 = (𝑝11𝑢 + 𝑝12𝑦1 + p13y2)/𝛽 

𝑘2 = (𝑝21𝑢 + 𝑝22𝑦1 + p23y2)/𝛽 

𝑘3 = (𝑝31𝑢 + 𝑝32𝑦1 + 𝑝33y2)/𝛽 

Calculate K 

𝐾 =
𝑃Φ

𝜆 + ΦT𝑃Φ
 

5 𝑝 = 𝑝 + 𝑒𝑘1;  𝑞 = 𝑞 + 𝑒𝑘2; 𝑟 = 𝑟 + 𝑒𝑘3 
Calculate dummy parameters (p, q, r)  

𝜃 = 𝜃 + 𝐾𝑒 

6 

𝑝11 = (𝑝11 − (𝑘1𝑢𝑝11 + 𝑘1𝑦1𝑝21 + 𝑘1𝑦1𝑝31))/𝜆 

𝑝12 = (𝑝12 − (𝑘1𝑢𝑝12 + 𝑘1𝑦1𝑝22 + 𝑘1𝑦1𝑝32))/𝜆 

𝑝13 = (𝑝13 − (𝑘1𝑢𝑝13 + 𝑘1𝑦1𝑝23 + 𝑘1𝑦1𝑝33))/𝜆 

Update P 

𝑃 = (𝑃 − 𝐾Φ𝑇𝑃)/𝜆 
 

7 𝑦2 = 𝑦1;   𝑦1 = 𝑦 Update 𝑦1 and 𝑦2 

8 
𝑎1 = (𝑞/𝑟 − 2)𝑇; 𝑎𝑜 = (1/𝑟 − 1 − 𝑎𝑇)/𝑇2; 𝑏𝑜

= 𝑝/(𝑟𝑇2) 
Calculate actual parameter (a, b, c) 

9 Optional: 𝑦̂ = 𝑝𝑢 + 𝑞𝑦1 + 𝑟𝑦2 
Calculate estimated output 𝑦̂, for comparison with 

the actual output 𝑦; 𝑦̂ = Φ(k)𝜃 

10 𝐾𝑑 =
1

𝜏𝑉𝑖𝑐
; 𝐾𝑖 = 𝑏𝐾𝑑; 𝐾𝑝 = 𝑎𝐾𝑑 Calculate PID parameters using PZC 

11 repeat to step 2 End of one iteration 

3. Results and Discussion 

3.1. Verification for the Buck Converter Transfer Function  

To verify the obtained buck converter’s transfer function in (6), a Matlab simulation is prepared 

as shown in Fig. 4. This simulation consists of a transfer function of (6) and a buck converter circuit 
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(Fig. 2) with parameters of R=100Ω, L=330mH, C=47μF, PWM (Pulse Width Modulation) frequency 

fp=25kHz, duty cycle D=0.5, and MOSFET (Ron=17𝑚Ω, Rd=0.01Ω, snubber Rs=100kΩ, Cs=none). 

These parameters are populated from a Matlab script or typed manually from the Matlab command 

line to ensure the same values are applied to the circuit and transfer function. Responses for both 

systems are sent to a scope for comparison. Running this simulation results in a response as shown in 

Fig. 5. This response proves that (6) is correct, as the transfer function output (Vom) fits the buck 

converter output (Vo).  

 

Fig. 4. Matlab simulation for verification the transfer function 

 

Fig. 5. Output comparison of transfer function and buck converter when 𝑅 = 100𝛺, 𝐷 = 0.5, and 𝑉𝑖 = 20𝑉 

To know the load effect on the buck converter dynamics, a response comparison is made for three 

loads, R = [5, 15, 100] ohms, and with two input voltages, Vi = [30, 60] V, as shown in Fig. 6. 
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Fig. 6. Buck converter response for various R when Vi=30V (left) and when Vi=60V (right) 

These plots show that different load R results in different shapes of response. This complies with 

(8), where R contributes to the damping constant (𝜁). The left response settles at 15V as its input 

voltage is 30V, and the right response settles at 30V as its input voltage is 60V. This fact indicates 

that the input voltage (𝑉𝑖) determines the steady-state value or its DC gain. These results prove that 

the buck converter transfer function and its response shape are influenced by load (R) and input voltage 

(𝑉𝑖). If it is required that the regulation performance be maintained at any load and input voltage, it is 

mandatory to employ an autotuning controller on the buck converter. 

3.2. Verification for PZC 

To verify the PZC formula, a PZC script shown in Fig. 7 (b) and a PZC-tuned PID closed-loop 

control system for a buck converter shown in Fig. 7 (a) are constructed using MATLAB. 

 
(a) Test circuit for verifying the PZC formula 

 
(b) PZC script for calculating the PID parameters 

Fig. 7. Matlab simulation for PZC-tuned PID 
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Executing the PZC script will populate Kp = 0.073, Ki = 1.111, and Kd = 2.493e-5 in MATLAB’s 

workspace so they are available for the PID block. Simulating the diagram of Fig. 7 (a) results in a 

response as shown in Fig. 8.  

 

Fig. 8.  Response for PZC-tuned PID in Matlab 

This result shows that the PZC successfully tunes the PID parameters as the resulting response 

settles (enters 11.77 V, or 98% of 12 V) in 60 ms, as defined by the PZC script line 7, and it does not 

contain overshoot. This confirms that the PZC formula is correct. To know the applicability of PZC 

in more real situations, a Proteus simulation is prepared as shown in Fig. 9 (a). ATmega328 (U1) is 

an 8-bit microcontroller assigned to run C program code for PZC-tuned digital PID. The important 

part of this C-code is shown in Fig. 9 (b). Line 47 defines the required settling time, ts=60 ms. Lines 

48-52 define input voltage and buck converter parameters. Lines 56-63 calculate the PID parameters 

using the PZC formula. Lines 89-90 define space-time (1 ms) and PID execution time (1.69 ms), 

respectively. The space-time is provided to execute instruction lines 82-84 for sending several 

debugged signals, while the PID execution time is for executing the pid function (lines 92-120). A 

timer overflow interrupt service routine, lines 122-126, is used to ensure time accuracy. 

This setting enables the PID algorithm to be executed periodically with a sampling time of 2.69 

ms. U1 reads setpoint SP through ADC2 (lines 105-106), reads feedback through ADC1 (lines 103-

104), and sends PID output in the form of a PWM signal through OC1A (line 117). The I2C DAC 

AD5325 (U8) is assigned to populate debugged signals, including PID output (m), setpoint (Sp), and 

buck converter output (Vo_adc), respectively, using instruction lines 82-84. A response plotter is 

provided to display those debugged signals. The PB4 pin is set at the beginning of pid function (line 

99) and reset at the end of pid function (line 119) to enable measuring the PID execution duration 

through the response plotter. Running this simulation results in a response shown in Fig. 10. This plot 

consists of four signals, including buck converter output (Vo), setpoint (Sp), execution indicator 

(PID), and duty cycle output (m). As can be seen, the Vo curve is equal to the Vo curve in Fig. 8, 

where it settles in 60 ms and does not contain overshoot. This result indicates that the PZC-tuned PID 

is successfully implemented on a microcontroller and its computational fidelity is guaranteed. 

3.3. Verification for the RLS-PZC 

To verify the effectiveness of the RLS algorithm in estimating the buck converter parameters and 

calculating the PID parameters using PZC, a Proteus simulation is prepared as shown in Fig. 11. The 

RLS-PZC algorithm of Table 1 is implemented in a C program code run on U2 Atmega328 (16 MHz 

clock) with a sampling time of 20.1 ms, managed by a timer overflow interrupt. To explore whether 
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the input signal type determines the estimation result, several input signals are provided. They can be 

selected from the output of K5, K6, K7, or K8 by uniquely renaming the required output terminal to 

u. U2 reads the input signal (u) through ADC1. The resulting ADC data is converted to a PWM (Pulse 

Width Modulation) signal and sent to the buck converter through OC1A. R1 and R2 are used to scale 

down the output signal (Vo) to become yc; hence, its maximum amplitude is 5V. This signal is read 

from ADC2. Meanwhile, the load R in Fig. 7 is implemented by R3 of 10 ohms. The load is changed 

dynamically from 10 ohms to 5 ohms at t=1s and back to 10 ohms at t=1.5s through activating and 

deactivating a relay, RL1, using a step signal called R_en. The resulting PZC-tuned PID parameters 

are sent to an I2C DAC AD5325 (U1) to enable displaying them in a graphical plot. Running the 

simulation several times with different input signals yields responses shown in Fig. 12. 

 
(a) Testing circuit for PZC-tuned PID in Proteus 

  
(b) Snipped C-code for the PZC-tuned PID 

Fig. 9. Proteus simulation for PZC-tuned PID 

As depicted in the left responses, the estimated output (Voe) tends to follow the output (Vo). This 

indicates that RLS works as expected. When a new load R19 is applied at t=1s, the effective load R 
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will be 5 ohms and cause the PID parameters to change slightly. When the load is recovered to 10 

ohms at 1.5s by disconnecting R19, the PID parameters are also recovered to the initial value before 

t=1s. It is also shown that all parameter curves among these trials are similar with minor differences, 

including settling time and spike height. Their characteristics are summarized in Table 2. 

 

Fig. 10.  Response for PZC-tuned PID in Proteus 

 
Fig. 11. RLS circuit test with selectable inputs and load change R 

These data show that the best input signal is a combinational ramp, as the next settling time is 

shorter, the PID parameter spike is lower, and the PID parameters are closer to the ideal value 

(depicted in parentheses under the column headings of Kp, Ki, and Kd). Unfortunately, this input 

signal results in a longer initial settling time. However, all these input signals are suitable to use, as 

they can result in the PID parameters that are settled at particular values near to the ideal values. These 

results signify that the RLS-PZC algorithm has been successfully implemented to estimate buck 
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converter parameters (including load changes) and to calculate PID parameters in two sampling times 

(40.2 ms).  

  
(a) Response with saturated-ramp input 

 
(b) Response with shifted-sinusoidal input 

 
(c) Response with shifted-square input 

 
(d) Response with a combinational saturated-ramp input 

Fig. 12. RLS-PZC response with different inputs and load change 
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Table 2.  Response characteristic for RLS-PZC-based PID parameter tuning 

Input Type, 

Response Figure 

Settling  

time (s) 

PID 

parame

ters’s 

spike 

PZC-Tuned PID parameters  

at R=10 ohm / R=5 ohm 

initial next 
Kp 

(0.037/0.073) 

Ki 

(1.11/1.11) 

Kd (2.49e-

5/2.49e-5) 
Saturated ramp, Fig. 12 (a) 0.6 0.04 low 0.051/0.043 1.13/1.19 138e-6/138e-6 

Shifted sinus, Fig. 12( b)  0.2 0.2 moderate 0.067/0.081 1.14/1.17 138e-6/138e-6 

Shifted square, Fig. 12 (c) 0.2 0.3 high 0.069/0.089 1.14/1.17 138e-6/138e-6 

Combinational ramp, Fig. 12(d) 0.5 0.04 low 0.049/0.046 1.13/1.17 138e-6/138e-6 

3.4. Verification for the PID Output Scaler 

The output scaler contribution is verified using a Proteus simulation, as shown in Fig. 13. This 

simulation consists of two closed-loop digital PID control systems for buck converters. PID 

parameters for both control systems are tuned using the PZC formula, and their PID algorithms are 

implemented in C program code, as shown in Fig. 9 (b). 

 

Fig. 13. Proteus simulation for testing the PID output scaler 

The first microcontroller (U1) is assigned to run the digital PID with output scaler (PID-OS), 

where its PID output is scaled by Q before being sent to the DRIVER. The second microcontroller 

(U2) serves as a regular digital PID (PID-R) without the output scaler. Both PIDs read their setpoint 

from ADC2, read their feedback from ADC1, and deliver their manipulated signal (in the form of a 

PWM signal) through OC1A. The main difference between the two is that PID-OS reads the input 

voltage of the buck converter (Vi) from ADC0, but PID-R does not. This signal is used to maintain 

the forward path gain as defined in (24). Both PID algorithms are executed regularly, leveraging a 

timer overflow interrupt to implement a constant sampling time of 3.1 ms. In this setup, the buck 

converter receives dynamic input voltage (Vi) consisting of a 50 V DC source plus a sinusoidal signal 

(amplitude 20 V, frequency 5 Hz, and phase 0°). Running this simulation results in a response as 

shown in Fig. 14. 

There is a significant difference between the PID-OS response (Vo_OS) and the PID-R response 

(Vo_Reg), where Vo_Reg oscillates around its setpoint (Sp), but Vo_OS does not. Calculating their 



ISSN 2775-2658 
International Journal of Robotics and Control Systems 

2499 
Vol. 5, No. 5, 2025, pp. 2486-2507 

  

 

Sidik Nurcahyo (Voltage Regulation Innovation for Photovoltaic DC Bus Using RLS-PZC-Based Autotuning PID 

with Output Scaler and Discharge Path) 

 

ITAE (Integral of Time-weighted Absolute Error) during steady state (t=60-400 ms) results in 0.2188 

for PID-R and 0.0203 for PID-OS, or only 9.27% of the PID-R. This result indicates that the output 

scaler can significantly reduce output fluctuation affected by input voltage dynamics. 

 

Fig. 14. Response comparison between regular PID and output scaler-based PID 

3.5. Performance Evaluation for Proposed System 

To evaluate the proposed method, RLS-PZC, PID, output scaler, and discharge path are 

integrated, and its response is compared to regular PID using Matlab simulation as shown in Fig. 15. 

 

Fig. 15. Matlab simulation for performance evaluation of the proposed method 

The upper diagram is for regular PID, where its parameters are initially tuned using the PZC 

formula. Meanwhile, the bottom diagram is for the proposed system, where PIDZ parameters are 

online auto-tuned using RLS-PZC. Simulation conditions, including sampling period T, noise level, 

varying input voltage, and load changes, are described inherently by the circuit and accompanying 

scripts. The Matlab script for simulation initialization and PIDZ is shown in Fig. 16.  
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Fig. 16. Matlab script for simulation initialization (left) and PIDZ (right)  

In the left script, load and sampling time are defined in lines 3 and 18, respectively. Referring to 

the right script, lines 11-13 calculate PID output u, and line 14 scales the signal u using the output 

scaler gain of (24). For reducing overshoot due to load shedding, a discharge path (including R4, Q5, 

and PWM2 of Fig. 15) is activated when the PIDZ output is negative, as defined by lines 22-25. The 

PIDZ receives its parameters through pid variable sent by RLS-PZC with a script, as shown in Fig. 

17.  

  

Fig. 17. Matlab script for RLS algorithm 

Lines 39-41 are for updating PID parameters only when estimation is in steady state or when the 

sum of squared error for the last four samples is small enough, e.g., 1e-3. This scenario is for reducing 

excessive fluctuation caused by Kp and Ki spikes, as shown by the right graphs of Fig. 12 at t=1s and 

t=1.5s. To improve regular PZC, Kp and Ki are increased by trial and error, 3 and 1.5 times, 

respectively (see lines 40-41). Performance evaluation is done for 0.6s with the PIDZ and RLS 

sampling time of 0.1ms. During evaluation, input voltage (Vi) for the upper diagram is kept constant 

at 50V, while input voltage for the lower diagram is varied in a sinusoidal pattern, Vi = 50 + 10 

sin(2πt). Loads for both diagrams are equal, and they are changed at t=0.2s and restored to their default 

value at t=0.4s by activating/deactivating switches S1 and S2 to connect/disconnect R1 and R3, 
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respectively. To get a fair comparison, the default load R is set to equal to R2, and the new load R1 is 

set to equal to R3. Besides comparing voltage peaks caused by load shedding, evaluation is also done 

by comparing ITAE values calculated using the ITAE block containing a script as shown in Fig. 18. 

 

Fig. 18. Matlab script for calculating ITAE 

Running the simulation several times with different combinations of default loads (R, R2) and 

new loads (R1, R3) results in responses as shown in Fig. 19. 

  
(a) For R=R2=5 Ohms and R1=R3=5 Ohms (b) For R=R2=5 Ohms and R1=R3=20 Ohms 

  
(c) For R=R2=5 Ohms and R1=R3=50 Ohms (d) For R=R2=20 Ohms and R1=R3=5 Ohms 

  
(e) For R=R2=50 Ohms and R1=R3=5 Ohms (f) For R=R2=50 Ohms and R1=R3=50 Ohms 

Fig. 19. Response comparison between proposed (Vod) and regular PID (Vo) 
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When a new load (R1 and R3) is applied to the buck converter at t=0.2s, both output voltages 

drop, but the proposed method can recover the output faster, and while recovering, it does not lead to 

overshoot except when the new load R3 is 50 ohms, as shown in Fig. 19 (f). When a new load (R1 

and R3) is shed at t=0.4s, output voltage increases, but the proposed method can recover the output 

faster and does not lead to undershoot except when the new load R3 is 50 ohms, as shown in Fig. 19 

(f). Regarding fluctuation due to load shedding, Fig. 19 (a), Fig. 19 (d), and Fig. 19 (e) at t=0.4s show 

that the regular PID cannot reduce voltage fluctuation significantly, but the proposed method can. As 

summarized by Table 3, the proposed method results in lower peaks than the regular PID. The highest 

peak reduction is 73.6% when a new load of 5 ohms is shed from the default load of 50 ohms. These 

results signify the superiority of the proposed method against load changes.  

Table 3.  Responses characteristics 

Responses 
R, R2 

(𝛀) 

R1, 

R3 

(𝛀) 

ITAE Load Shedding Peak 

itaeVo itaeVod 
Diffe-

rence 

peakVo 

(V) 

peakVod 

(V) 

Reduction 

(%) 
Fig. 19(a) 5 5 0.8561 0.3202 0.5359 23.96 15.89 33.7  

Fig. 19(b) 5 20 0.2902 0.1684 0.1218 14.81 13.64  7.9  

Fig. 19(c) 5 50 0.2249 0.1441 0.0808 13.12 12.90  1.7  

Fig. 19(d) 20 5 1.3110 0.5997 0.7113 51.93 19.97 61.5  

Fig. 19(e) 50 5 1.7310 0.6295 1.1015 81.56 21.53 73.6  

Fig. 19(f) 50 50 0.2551 0.2535 0.0016 17.17 15.33 10.7  

 

The superiority can also be assessed through ITAE values; a lower ITAE denotes better 

performance because the buck converter output is less likely to deviate from its setpoint. Table 3 

shows that the ITAE value of the proposed method (itaeVod) is always less than the regular PID 

(itaeVo). These results indicate the promised improvement regarding the voltage regulation.  

4. Conclusion 

This article proposes an RLS-PZC-based adaptive PID controller equipped with an output scaler 

and discharge path for improving voltage regulation performance of photovoltaics DC bus. The main 

objective of this innovation is to reduce the ITAE value by suppressing overshoot and undershoot due 

to load change and input voltage variation. The simulation results show that RLS can track the buck 

converter's parameter, PZC can retune PID parameters to produce an overshoot-free response with the 

desired settling time, the output scaler successfully reduces fluctuation regarding the input voltage 

changes, and the discharge path can reduce overshoot caused by load shedding. The PZC formula 

becomes a theoretical contribution for PID tuning. The output scaler and discharge path also become 

additional contributions to the voltage regulators. To reduce ITAE further, modified Kp and Ki are 

used, where their new values are 3 times and 1.5 times, respectively. The multipliers selection requires 

more elaboration for justification. To our knowledge, this is the first work to demonstrate a discharge-

path-enhanced RLS-PZC PID with output scaler implemented on an 8-bit microcontroller with 

Proteus simulation. However, it requires real testing to determine their applicability in real conditions. 

This result contributes to the adaptive control system, especially on voltage regulation for photovoltaic 

DC buses. 

Suggested future work may include improving the PID autotuning method, robustness test, real 

hardware experiments, and implementing its hardware details. Enhancements are required to improve 

its reliability, such as increasing the sampling frequency and upgrading the microcontroller to ESP32 

(4MB memory, 270MHz) and STM32 (2MB, 250MHz) to reduce latency. Scalability, or scaling up 

the buck converter's power rating, is also a challenge, as it relates to the selection of the power switch 

and sensor. Integrating a storage battery using a bi-directional converter into the photovoltaic DC bus 

may be an alternative for further suppressing voltage fluctuation. 
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