
AIMS Electronics and Electrical Engineering, 10(3): 446‒472 

DOI: 10.3934/electreng.2026018 

Received: 27 November 2025 

Revised: 13 March 2026 

Accepted: 23 April 2026 

Published: 09 June 2026 

https://www.aimspress.com/journal/ElectrEng 

 

Research article 

Promotion of anti-disturbance capability in UPQC systems under 

FCS-MPC control with LADRC-optimized phase-locked loop 

Yuting Yu
1,2

, Muhammad Murtadha Othman
1,
*, Yanting Chu

1,2
 and Ismail Musirin

1
 

1 
Universiti Teknologi MARA, Faculty of Electrical Engineering, 40450 Shah Alam, Selangor, 

Malaysia 
2 

Hunna Railway Professional Technology College, Shifeng, Zhuzhou, Hunan 412001, China 

* Correspondence: Email: m_murtadha@uitm.edu.my, mamat505my@yahoo.com. 

Abstract: In three-phase three-wire power systems, unified power quality conditioners (UPQCs) 

compensate for current/voltage fluctuations while enhancing load-side power quality. However, 

current solutions face three key limitations: (1) limited responsiveness to rapid disturbances, (2) 

sensitivity to grid variations, and (3) inadequate phase-locked loop (PLL) performance, all of which 

undermine compensation effectiveness. Traditional proportional-integral (PI) controllers further 

exacerbate these issues through overshooting during control quantity disturbances. This paper 

proposes an enhanced finite control set model predictive control (FCS-MPC) system integrated with 

linear active disturbance rejection control (LADRC) to improve UPQC's anti-disturbance capabilities. 

The architecture combines a series active power filter (APF)-side voltage compensation module 

based on FCS-MPC, a shunt APF-side current compensation module based on FCS-MPC, and a 

LADRC-optimized mixed second/third-order generalized integrator-based PLL (MSTOGI-PLL). 

Through rigorous MATLAB/Simulink simulations, the proposed UPQC demonstrates superior 

robustness compared to conventional controllers, achieving 85% voltage sag compensation within 

12.5 ms response time. Simulation result validation confirms that the LADRC-enhanced FCS-MPC 

system significantly improves disturbance rejection, yielding effectively reduced voltage total 

harmonic distortion (THD) and enhanced post-compensation power quality across various grid 

anomalies. 

Keywords: unified power quality conditioner; finite control set model predictive control; linear 

active disturbance rejection control; mixed second- and third-order generalized integer; phase locked 

loop; anti-disturbance 
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1. Introduction  

The incorporation of nonlinear loads and renewable energy equipment significantly impacts 

power quality on the load side of power systems. Variable frequency drives, rectifiers, and electronic 

equipment are nonlinear loads that draw current in non-sinusoidal patterns, resulting in harmonic 

distortion, voltage fluctuations, and electrical noise. Conversely, renewable energy technology, 

including solar panels and wind turbines, which generate electricity from renewable sources, 

frequently introduces uncertainty and intermittency as a result of fluctuating environmental 

conditions. These unanticipated factors adversely affect the power system stability and reliability by 

causing voltage sags, swells, and flickers, thereby increasing the risk of equipment faults or failures. 

Consequently, the power system efficiency and performance are compromised, which requires 

advanced controllers and compensation techniques to ensure optimal power quality and a stable 

electricity supply to all connected loads. Therefore, a unified power quality conditioner (UPQC) is a 

comprehensive compensation technique introduced to address both current and voltage power quality 

problems. The integration of nonlinear loads and renewable energy equipment into a power system 

causes disturbances that exacerbate power quality issues on the load side. Consequently, enhancing 

UPQC performance is essential for addressing both anti-disturbance and power quality issues [1].  

Current research on UPQC control strategies can be divided into three aspects, namely, the new 

compensation control strategy of UPQC [2‒4], the UPQC topological structure [5,6], and the UPQC 

control strategy connected to renewable energy [7,8]. Artificial intelligence (AI) algorithms 

employed in the UPQC compensation control strategy have been designed to improve control 

accuracy by optimizing controller parameters. Nicola et al. [9] used the grey wolf algorithm to 

optimize the PI controller for reducing the steady-state error and DC ripple of the intermediate DC 

module to enhance the compensation performance of UPQC. Fuyin et al. [10] proposed a control 

method based on the beetle antenna search algorithm to optimize the parameters of the 

quasi-proportional integral resonant controller, hence improving the dynamic response speed and 

control accuracy of UPQC. Yadav et al. [11] employed a chicken flock algorithm to optimize the 

parameters of the fractional-order controller in the UPQC control system and minimize the THD 

value. Kumar et al. [12] proposed a minimum active power injection from UPQC to alleviate the 

imbalanced voltage sag caused by the voltage fluctuation at the grid side. The particle swarm 

algorithm has been mainly used to determine the optimal objective function of minimum active 

power injection. Zanib et al. [13] developed an artificial neural network controller to diminish the 

THD voltage at the load side by improving the dynamic and static performance of the UPQC control 

system. Such listed studies primarily focused on improving the UPQC control strategy by optimizing 

controller settings using AI algorithms. However, the goal function and system restrictions 

established during the optimization process may result in prolonged computational time. Furthermore, 

due to algorithmic limitations during the optimization process, these methods may become trapped in 

local optima. 

On the other hand, current and voltage compensation of UPQC must be calculated based on the 

output angle of the detection link of the phase-lock loop (PLL). Kumar et al. [14] used the Jaya 

algorithm to optimize the gain of the proportional-integral (PI) controller for synchronous reference 

frame PLL (SRF-PLL) and dual second-order generalized integrator PLL (DSOGI-PLL), wherein the 

latter demonstrated superior mitigation of power quality problems through the use of UPQC. 

Bueno-Contreras et al. [15] designed a multi-input and output control strategy based on a resonant 

observer to reduce the coupling effect between UPQC and a grid system. Xu et al. [16] proposed a 

precise model of the second-order generalized integrator-based PLL (SOGI-PLL) based on the 
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absence of a feedback link in the PLL. This model fully considers the coupling of a frequency 

feedback loop and serves as a reference for the design of the PLL under non-ideal conditions in 

UPQC. In order to represent a dual second-order complex coefficient filter (DSOCCF) with DC 

offset rejection capability in UPQC, Hui et al. [17] focused on the detection requirements of grid 

synchronization signals under the mixed conditions of unbalance, harmonics, and DC voltage in 

conjunction with the moving average filter (MAF) method. In crucial situations, such as frequency 

variations, the suggested filter can swiftly and precisely identify the features of grid voltage. Li et 

al. [18] addressed the sub-synchronous resonance (SSR) problem induced by renewable energy 

connected to a weak grid system. The UPQC controller system uses an inertia PLL that effectively 

solves the SSR problem under a grid system; the Kalman filter with inherent adaptive bandwidth 

design uses the bat algorithm to optimize the PI gain controller to improve the PLL response speed 

and control accuracy required by the UPQC [19].  

The abovementioned studies mostly focus on performance optimization and enhancing the 

design structure of PLLs utilized in UPQC. Still, there is a lack of studies on the performance of 

UPQC with PLL for cases that involve multiple disturbances. This research gap underlines the need 

for further investigations to improve the efficacy and adaptability of UPQC with PLL by accounting 

for various types of disturbances. The study will examine an innovative method of UPQC that 

improves anti-disturbance capabilities while reducing THD current and voltage on the load side. The 

proposed method focuses on enhancing the control strategy and PLL, which are the key components 

of UPQC. The UPQC utilization in a three-phase system with the three-wire system takes into 

account an enhanced control strategy using the finite control set-model predictive control 

(FCS-MPC), as well as a PLL optimized with a mixed second- and third-order generalized 

integer-based phase lock loop (MSTOGI-PLL) improved by linear active disturbance rejection 

control (LADRC). The FCS-MPC leverages a predictive model to optimize control strategies for 

reducing the error between the desired and actual values of current and voltage, resulting in lower 

THD. On the other hand, a conventional PLL is prone to poor dynamic response and phase errors, 

particularly in the presence of disturbances. Therefore, MSTOGI-PLL is utilized to improve 

synchronization and disturbance rejection, which will improve the UPQC performance. Moreover, 

the LADRC used in the MSTOGI-PLL block offers an extra layer of disturbance estimation and 

rejection, essential for compensating unknown or fluctuating disturbances in real-time, thereby 

enhancing the power quality issues addressed by UPQC while diminishing sensitivity to external 

disturbances.  

This paper presents an improved UPQC control strategy that uses the FCS-MPC control system 

for a three-phase three-wire power system with UPQC compensation, and compares that with the 

traditional UPQC control strategy using a PI controller. An enhanced MSTOGI-PLL device utilizing 

LADRC is developed and evaluated against the PI-controlled SRF-PLL and the PI-controlled 

MSTOGI-PLL devices. The simulation results indicate that the UPQC control system enhanced by 

FCS-MPC significantly diminishes the harmonic THD values of the output current and voltage on 

the load side, while the phase-locked outcome of the refined MSTOGI-PLL device utilizing LADRC 

is more precise amidst various disturbances. 

2. FCS-MPC control system with MOSTGI-PLL-based LADRC used in UPQC 

A three-phase, three-wire power system with UPQC is depicted in Figure 1. It is made up of a 

shunt active power filter (APF) for current compensation and a series APF primarily for voltage 

compensation. 
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Figure 1. UPQC with FCS-MPC control system with MSTOGI-PLL-based LADRC. 

In Figure 1, vsa, vsb, and vsc are the three-phase voltages on the grid side; isa, isb, and isc are the 

three-phase currents on the grid side; vla, vlb, and vlc are the three-phase voltages on the load side; ila, 

ilb, and ilc are the three-phase currents on the load side; iha, ihb, and ihc are the compensation currents 

from the shunt APF; and vfa, vfb, and vfc are the voltages on the series transformer connected with the 

converter of the series APF. Furthermore, Cr and Lr are the capacitor and inductor connected to the 

series APF, respectively; Lf is the inductor connected to the shunt APF; and Cdc is the intermediate 

DC capacitor. 

After the grid voltages vsa, vsb, and vsc are transmitted to the MSTOGI-PLL device, improved 

based on LADRC, the grid voltage angle estimation value θ is obtained. It is observed that the grid 

voltages vsa,b,c and the grid voltage angle estimation value θ of MSTOGI-PLL-based LADRC are 

transferred to the voltage compensation control module to generate the voltage reference, vf
*
(k+1), 

required by the voltage prediction module to provide vf
n
(k+1) for the voltage value function to 

transfer the optimal switching signals, Sabc, to the series APF compensator. The voltage prediction 

module inherently utilizes the FCS-MPC that provides the vf
n
(k+1) so that the voltage value function 

will generate Sabc to the series APF compensator for improving the voltage conditions. 

This is followed by the load-side current, ilabc, being transferred to the current compensation 

control module to generate the current reference, ih
*
(k+1), required by the current prediction module 

for transferring the ih
n
(k+1) to the current value function so that the optimal switch signals, Sa’b’c’ , is 

received by the shunt APF compensator. The current prediction module inherently utilizes the 

FCS-MPC that provides the ih
n
(k+1) so that the current value function will generate Sa’b’c’ to the 

shunt APF compensator for improving the current conditions. 

3. UPQC using FCS-MPC connected to the series and shunt APF compensators 

The FCS-MPC control method employed by UPQC compensates for voltage and current by 

discretizing the state equation to derive the projected values of voltage and current at time k+1. The 
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voltage and current value functions are established, and the voltage vector exhibiting the minimal 

deviation from the reference value is chosen via the selection of the value function. The switching 

signal for the chosen optimum voltage vector is subsequently applied to the IGBT device. The series 

APF and shunt APF use FCS-MPC technology to enable UPQC to select the optimal control vector 

to act on the system under the optimization of the value function when facing voltage surges, sags, 

and interruptions, thereby improving the compensation capacity of UPQC in three-phase three-wire 

power systems. 

3.1. Integration of the voltage compensation control module and the voltage predictive control 

The red dashed box of synchronous reference frame PLL (SRF-PLL) shown in Figure 2 uses the 

Clarke transformation in Equation (1) to convert the three-phase voltage vsa,b,c on the grid side into 

vsα,β in the αβ coordinate system. 
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Additionally, the vsα and vsβ are transformed using Park transformation, as described in Eq (2), 

resulting in vsq inside the dq coordinate system, which serves as the input parameter for the PI 

controller. Subsequently, the grid voltage angle estimation, θ, is derived through integral remainder 

computation. This is related to the SRF-PLL, which is employed to calculate the output angle θ for 

voltage and current correction or compensation. The grid voltage values in the dq coordinate system, 

following Park translation, are denoted as vsd and vsq, as specified in Eq (2). 
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In the red dashed box of the voltage compensation control module, the grid voltage amplitude of 

vs is multiplied by the θ under sine and cosine, which is negatively fed back to vsα and vsβ to obtain 

the values of vsα,h and vsβ,h. Simultaneously, vsα,h and vsβ,h are used in Eq (1) to allow the Clarke 

transformation to produce the vsa,h, vsb,h, and vsc,h that represent the vf
*
(k+1) required by the voltage 

prediction module, as shown in Figures 1 and 2. The vf
*
(k+1), consisting of vsa,h, vsb,h, and vsc,h, will 

be used in the voltage value function to compare with the vf
n
(k+1) computed by the voltage 

prediction module. The voltage prediction module that produced the vf
n
(k+1) is derived based on the 

following discussion. 
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Figure 2. Principle diagram of the voltage compensation control module and the voltage 

prediction module. 

The voltage prediction module output of vf
n
(k+1) is derived based on the concept of the grid 

voltage compensation circuit at the series APF compensator of the UPQC shown in Figure 1. 

Equation (3) is derived from the concept of balanced equivalent circuits, referring to the grid voltage 

compensation circuit of the series APF compensator. 
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where Lr is the inductance of the grid voltage compensation circuit at the series APF compensator; 

ifa,b,c are the inductance currents; vfa,b,c are the voltage drops of capacitors Cr, and va,b,c are the node 

voltages at the bridge arm IGBTs of the series APF compensator. 

In Eq (4), the concept of balanced equivalent circuits is utilized by referring to the grid voltage 

compensation circuit of a series APF compensator. 
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where ira,b,c are the secondary currents of the series transformer. 

On the other side, the output voltage of inverters, va,b,c, refers to the switching state of the upper 

and lower bridge arms of IGBTs. Therefore, the voltage vector 
.

v  is based on the finite control set 

(FCS) that can be written as in Eq (5). 
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where a = e
j(2π/3)

, and vdc is a DC-link voltage connected with a capacitor Cr. The switching state for 

the bridge arm IGBTs is given in Eq (6).  
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In Eq (6), Sk = 0 means the upper bridge arm IGBT is turned off, and the lower bridge arm 

IGBT is turned on. Additionally, Sk = 1 means the upper bridge arm IGBT is turned on, and the lower 

bridge arm IGBT is turned off. Therefore, Sa, Sb, and Sc are arranged in eight different switching 

states, yielding eight voltage vectors 
.

v . 

By integrating Eqs (3) and (4), the state equation is obtained, as shown in Eq (7). 
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Consequently, Equation (8) is obtained by performing forward Euler discretization on Eq (7). 
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; T represents the period value. 

Finally, the model predictive control (MPC) voltage of vf
n
(k+1) at time k+1 is derived as 

follows: 

)()()()()1(
.

r2

.

n2f4f3f kickvbkvakiakvn   (9) 

where n is the state number of 0, 1, 2, ..., and 7.  

Simultaneously, the voltage value function, Fs
n
(k+1), is performed to compare the recently 

obtained vf
n
(k+1) with the vf

*
(k+1) provided by the voltage compensation control module discussed 

earlier in this subsection. Hence, the minimum voltage value function, min Fs
n
(k+1), of Eq (10) is 

used as a reference to select the optimal switching state, kŜ , for turning on and off the bridge arm 

IGBTs in every phase at time k+1, as shown in Eq (11).  
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The 
kŜ  will reduce the compensation voltage pulsation during the switching of bridge arm 

IGBTs located at the series APF compensator of UPQC. 

3.2 Integration of the current compensation control module and the current predictive control 

Figure 3 illustrates the current compensation control module highlighted by the red dashed box. 

The Clarke transformation in Eq (1) is used to convert the load currents, ila, ilb, and ilc, becoming ilα 

and ilβ in the αβ coordinate system. This is followed by the Park transformation in Eq (2) that is used 

to determine the ild in the dq system that refers to the input information of ilα and ilβ. The low-pass 

filter filtering output, the DC control module output, and the PLL output angle, θ, are considered to 

determine the ilα,h and ilβ,h in the αβ coordinate system so that the Clarke transformation in Eq (1) will 

produce ila,h, ilb,h, and ilc,h, representing the ih
*
(k+1) required by the voltage prediction module, as 

shown in Figures 1 and 3. The ih
*
(k+1), comprising ila,h, ilb,h, and ilc,h, is used by the current value 

function to compare with the ih
n
(k+1) calculated by the current prediction module. The next 

clarification will detail the derivation of ih
n
(k+1) generated by the present prediction module. 

 

Figure 3. Principle diagram of the current compensation control module and current 

prediction module. 
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The current prediction module output of ih
n
(k+1) is derived based on the concept of a grid 

current compensation circuit connected to the shunt APF compensator of the UPQC shown in Figure 

1. The concept of balanced equivalent circuits is used to derive Eq (12); it refers to the grid current 

compensation connected at the shunt APF compensator of the UPQC depicted in Figure 1. 
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where Lf is the inductance of the grid current compensation circuit at the shunt APF compensator; 

vla,b,c are the load voltages; and v
’
a,b,c are the node voltages at the bridge arm IGBTs of the shunt APF 

compensator. 

By abbreviating the variables in Eqs (12), Eq (13) is obtained, representing the balanced 

equivalent circuits for the grid current compensation connected to the shunt APF compensator of the 

UPQC. 
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By performing forward Euler discretization on Eq (13), the model predictive control (MPC) 

current of ih
n
(k+1) at time k+1 is obtained, as shown in Eq (14). 
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Therefore, the voltage vector, )('

n kv , is calculated based on the concept of FCS using Eq (5) and 

represents the v
’
a, v

’
b, and v

’
c at the bridge arm IGBTs, shown in Figure 1.  

Consequently, the current value function, Fp
n
(k+1), is carried out for comparing between the 

ih
n
(k+1) and ih

*
(k+1) provided previously by the current compensation control module. Eventually, 

Equation (15) gives the minimum current value function, min Fp
n
(k+1), that is used as a reference in 

Eq (16) to select the optimal switching state, 
kŜ , with the goal of minimizing compensation voltage 

pulsation during the switching of bridge arm IGBTs in every phase at time k+1 for the shunt APF 

compensator of the UPQC.  
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4. MSTOGI-PLL-based LADRC in the series and shunt APF of UPQC 

The SRF-PLL output result in Figure 2 is prone to disturbances, which eventually deteriorate 

the compensation effect of UPQC. A novel mixed second- and third-order generalized integrator 

PLL (MSTOGI-PLL)-based linear anti-disturbance rejection controller (LADRC) enhancement is 

introduced to replace the SRF-PLL to improve the response speed and anti-disturbance capabilities 

of the PLL under different power quality problems, such as voltage sag, voltage swell, and 

harmonics. Particularly, two MSTOGIs are considered in the PLL, which is then integrated with the 

LADRC.  



455 

AIMS Electronics and Electrical Engineering  Volume 10, Issue 3, 446–472. 

4.1. Design model of MSTOGI-PLL-based LADRC 

The MSTOGI is an improved version of PLL used to address the shortcomings of the 

second-order generalized integrator (SOGI) in terms of its sensitivity to frequency variations and its 

quality factor changes corresponding to the input signal frequency. The high-frequency component is 

suppressed, and the DC components are efficiently filtered out in Figure 4(a) using the 

MSTOGI-PLL. As a result, MSTOGI-PLL has advantageous output characteristics in both high- and 

low-frequency bands that improve the system's dynamic reaction time, address detection delay 

problems, and confirm detection accuracy. Two MSTOGIs incorporated into the PLL and connected 

to the LADRC are shown by the red dotted box in Figure 4(b). 

 

(a) 

 

(b)  

Figure 4. (a) Design model of MSTOGI; (b) MSTOGI-PLL integrated with LADRC. 
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Three branches of v1, v2, and v3 build the structure of the MSTOGI model, as shown in Figure 

4(a). The error signal, e, is amplified by gain k to obtain a new error signal, ke. The output of v1 is an 

AC-containing signal that is in phase with vsα and vsβ originating from a Clarke transformation of 

grid voltage supply vsa, vsb, and vsc, as shown in Figure 4(b). The output signal of v2 consists of DC 

and AC components. The AC component has the same amplitude and frequency as the output signal 

of v1, and its phase lags behind v1 by 90°. The DC components are the same for both output signals 

of v2 and v3. 

By referring to Figure 4(b), an unbalanced disturbance in a power system can usually be 

detected by using the symmetrical component method by decomposing the voltage and current into 

positive sequence, negative sequence, and zero sequence quantities. The symmetrical component 

method used in the detection process is shown in Eq (17). 
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In Eq (17), vsa+, vsb+, and vsc+ are the positive sequence component values of the three-phase 

voltage on the grid side, and a is the 120° angle phase operator. Then, the positive sequence 

three-phase component is transformed into the αβ coordinate system by using the Park 

transformation of Eq (18). The vsα+ and vsβ+ are the positive sequence components of the voltage on 

the grid side in the αβ coordinate system. 
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Equation (19) is obtained by substituting Eq (17) into Eq (18) and performing a Clarke inverse 

transformation. In Eq (19), b is the time domain phase shift operator, whose function is to convert the 

positive sequence signal of the grid voltage into two mutually orthogonal quantities. 
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In Figure 4(a), v3 in the dotted box is a module for eliminating the DC component. The DC 

component is eliminated by subtracting v3 from v2. Hence, the vm and bvm are obtained as two 

mutually orthogonal voltage outputs. ω0 is the resonant frequency of MSTOGI. Assume that the 

frequency of the input signal v is ωs. Since ω0 = ωs, v1 does not contain the DC component, and the 

AC component is the same as the input signal v. The specific elimination of the DC component is 

shown in Eqs (20) and (21). 

1m vv   (20) 

32m vvbv   (21) 
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In Figure 4(b), ωt is a variable value mainly used to speed up the detection speed of the PLL. If 

this value is not introduced, the detection speed of the PLL can only be accelerated by adjusting the 

PI controller. However, this approach will produce a large overshoot and increase the instability of 

the control system. Subsequent to empirical testing, this study sets ωt as the value of 100π. The 

values of fundamental positive sequence components of vsα+ and vsβ+ extracted from the grid side are 

shown in Eqs (22) and (23), similar to Eq (18). 

)(
2

1
mβmαsα bvvv   (22) 

)b(
2

1
mβmαsβ vvv   (23) 

The voltage values of vsα+ and vsβ+ in the dq coordinate system are transformed by the Park 

formulation given in Eq (2), so that the vsq+ can be used by the LADRC to improve the θ. Then, the 

vsα+, vsβ+, and θ are used in the voltage compensation control module in Figure 2 to compensate for 

the unknown or varying disturbances in a real-time manner with fast dynamic response and 

minimum phase errors for better synchronization during the mitigation of power quality problems. 

4.2. LADRC controller model 

It is worthwhile to mention that the first-order LADRC, used to replace the PI in the 

MSTOGI-PLL, is responsible for improving the poor anti-disturbance ability, as shown in Figure 

4(b). Figure 5 shows a detailed circuit of the first-order LADRC model normalized by the amplitude 

normalization scheme (ANS)  22

sq   sdsq vvv
, in order to ensure a robust performance of the 

MSTOGI-PLL at the grid connection point. The feedback value for the fundamental positive 

sequence component of q-axis voltage, vsq+, can be written as a differential equation in Eq (24). 
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where ωd is the input of LADRC, △ω represents the disturbance caused by the frequency and phase 

angle changes, 
~

qu  represents the disturbance caused by the negative sequence and background 

harmonics, and dx is the other external disturbances in the unmodeled dynamic and grid-connected 

point voltage signal. Equation (24) is simplified, becoming Eq (25), which allows the controlled 

object u = -ωd, and the total system disturbance is 
x
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Equation (25) shows that the first-order PLL considers different types of disturbance. The 

first-order LADRC that is used to improve the control stability of the system is comprised of three 

primary components, which are the linear tracking differentiator (LTD), linear state error feedback 

rate (LSEF), and linear extended state observer (LESO). Since vsq+(ref) is set to 0 as a reference value, 
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the LTD tracking signal is not required by the LADRC. Therefore, Equation (26) is the state space 

equation derived from Eq (25). 
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where F is the differential of the total disturbance f, y is the system output, and u is the system input. 

Equation (28) illustrates the LESO formulation derived by referring to Eqs (26) and (27). 
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(28) 

where z1 is the estimated value of vsq+, z2 is the estimated value of the total disturbance f, b0 is the 

adjustable gain of the system, and the specific construction of LSEF is given as follows: 
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Figure 5. LADRC circuit model. 

where G is the feedback gain coefficient. Equations (26) to (29) are simplified as a 

two-degree-of-freedom system represented by C1(s) and C2(s), as written in Eqs (30) and (31). 
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In Eqs (30) and (31), the primary role of C2(s) is to pre-filter the input signal in the form of a 

first-order differential. C2(s) is not considered in the analysis since the vsq+(ref) is set as 0. Figure 6 

shows the two-degree-of-freedom control system for Eqs (30) and (31). 

 

Figure 6. The two-degree-of-freedom control system of LADRC. 

In Eq (30), C1(s) represents a PI controller combined with a low-order filter that can also be 

written as in Eq (32). 
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where ki is the integral coefficient of the corresponding PI controller, kp is the proportional 

coefficient, which is also the bandwidth coefficient of the controller, ωp is the bandwidth of the 

corresponding first-order low-pass filter, and ωz is the ratio of the integral coefficients. The 

coefficients are given in Eqs (33)–(36). 
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G 1p   (35) 
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In Eqs (33)–(35), the reference bandwidth method uses a unified observation bandwidth ω0 to 

adjust β1 and β2, as shown in Eqs (37) and (38). 

01 2   (37) 

2
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(38) 
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The LADRC parameters of G and b0 can be obtained using Eqs (33) and (34) with the 

proportional and integral parameters kp, ki, and the suitable ω0 value provided by the PI controller. 

As can be seen from the above derivation, the main parameter ω0 of the observer bandwidth can 

determine the value of β1 and β2, which can be obtained by Eqs (37) and (38). The controller 

bandwidth kp is usually obtained by empirical formulas, as shown in Eq (39). 

0p )2/1~5/1( k  (39) 

5. Results and discussion 

The Matlab/Simulink module is used to design the UPQC circuit using an FCS-MPC control 

system with the MSTOGI-PLL based on the LADRC, as shown in Figure 1. The key parameters 

employed in the power system connected with the UPQC are listed below. In the simulation, two 

main types of controllers are used for phase-locked loops: LADRC controllers and PI controllers. In 

the LADRC controller, b0 = 1, kp = 48 , and ω0 = 48; in the PI controller, P = 0.06, and I = 1.2. 

Table 1. Specific parameters used in the UPQC system. 

Parameters Values 

Grid side voltage vs 380 V 

Grid side voltage frequency 50 Hz 

Lr 5 mH 

Cr 88 uF 

Lf 5 mH 

Cdc 10 uF 

Load(R-L) 2Ω-8 mH 

 

In Case I, the UPQC only compares the PLL with other controllers, which are the 

MSTOGI-PLL with the PI controller, the MSTOGI-PLL with the LADRC controller, and the 

SRF-PLL with the PI conventional controller. The performance of three different voltage 

compensation module PLLs used in UPQC is compared to investigate the accuracy and response 

time of the output angle θ under the same voltage disturbances at the grid-side power supply shown 

in Figure 7. The specific disturbance changes of the grid-side voltage vsabc are shown in Table 2. 

Table 2. Specific disturbances in grid-side voltage vsabc. 

Time period vsabc specific value 

0–0.2 s 380 V 

0.2–0.3 s 0.15*380 V 

0.3–0.4 s 1.15*380 V 

0.4–0.5 s 0.6*380 V 

0.5–0.7 s 0 V 

0.7–1 s 1.5*380 V 
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Figure 7. Grid voltage disturbances waveform for Case I. 

In Figure 8, the red, blue, and green waveforms are the angle waveform outputs of θ provided 

by the MSTOGI-PLL with LADRC, MSTOGI-PLL with PI, and SRF-PLL with PI controllers, 

respectively, that are used in UPQC to perform the compensation of significant grid voltage drop or 

interruption during the time duration of 0.5–0.7 s, as shown in Figure 7. The SRF-PLL with PI and 

MSTOGI-PLL with LADRC controllers are shown in Figures 2 and 5, respectively. In reference to 

Figure 5, the MSTOGI-PLL with PI controllers is constructed by replacing the LADRC with PI. 

Figure 8 shows that the MSTOGI-PLL with LADRC controller has the fastest response time in 

compensating grid voltage disturbances, while the MSTOGI-PLL with PI controller has the second 

fastest response time due to the θ delay. The SRF-PLL using the PI controller is adversely affected 

by the grid voltage interruption. During this time interval, the controller no longer provides accurate 

phase-locked results due to indistinct information from a small oscillating θ waveform. 

 

Figure 8. Phase-locked angle θ waveforms for the three PLL controller devices within 

the 0.5–0.7 s time period of significant grid voltage drop or interruption. 

In Figure 9, the red, blue, and green waveforms are the vsd+ obtained from the MSTOGI-PLL 

with LADRC, MSTOGI-PLL with PI, and SRF-PLL with PI used in UPQC, respectively. The results 

of vsd+ show that the SRF-PLL with PI has the fastest response time and the smallest overshoot 

during the period of 0–0.2 s. On the other hand, the MSTOGI-PLL with LADRC has a slower 

response time of vsd+ than the SRF-PLL with PI during the initial period of 0–0.2 s. The 

MSTOGI-PLL with PI has a large overshoot during the starting time, followed by a slow response 

time, as well as an unstable slanted waveform of vsd+ during the period 0–0.2 s. On the other hand, 

harmonic disturbances were added to the grid voltage during a 0.2–1 s time period, resulting in 

noticeable vsd+ oscillations produced by the SRF-PLL with PI. 
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Figure 9. Output vsd+ waveforms of three-phase-locked devices within the period of 0–1 s. 

Case II focuses on applying three-phase-locked devices of MSTOGI-PLL with LADRC, 

MSTOGI-PLL with PI, and SRF-PLL with PI controllers to the three-phase three-wire power system 

with UPQC compensation in the FCS-MPC system. The UPQC adopts the three-phase-locked 

devices operating under two different linear controllers, and several interruptions are applied, 

causing grid voltage waveform variations of vsabc, as shown in Figure 10. The specific voltage values 

of the grid-side voltage vsabc are shown in Table 3. The two linear controllers are performed by 

LADRC or PI. The result signifies that the PI controller with SRF-PLL is insufficient for effective 

grid voltage compensation in UPQC, while the LADRC controller with the MSTOGI-PLL device is 

the best phase-locked device for effective grid voltage compensation in UPQC. 

Table 3. Specific disturbances in grid-side voltage vsabc. 

Time period vsabc specific value 

0–0.1 s 380 V 

0.1–0.25 s 0.85*380 V 

0.25–0.5 s 380 V 

0.5–0.6 s 1.15*380 V 

0.6–0.7 s 380 V 

0.7–0.75 s 0 V 

0.75–1 s 380 V 

 

Figure 10. Distortions of the grid voltage waveform, vsabc, occurring in the system. 

Figures 11(a) and (b) show that the load currents of ila in phase A are fairly constant under 

UPQC with linear control applied in the MSTOGI-PLL with LADRC and MSTOGI-PLL with PI, 

respectively. This refers to the grid voltage interruptions, vsabc, applied from the incoming source or 

generator of the system shown in Figure 10. However, the UPQC with the linear control of SRF-PLL 



463 

AIMS Electronics and Electrical Engineering  Volume 10, Issue 3, 446–472. 

with PI fails to effectively compensate for the load current, presenting high distortion of the ila 

waveform during grid voltage interruption at 0.7–0.75 s. 

 

(a) 

 

(b) 

 

(c) 

Figure 11. Load current waveforms of ila under the phase-locked device of (a) 

MSTOGI-PLL with LADRC, (b) MSTOGI-PLL with PI, and (c) SRP-PLL with PI.  

Figures 12(a), (b), and (c) show the load voltage of phase A, vla, compensated by the 

three-phase-locked devices operating under linear control during the grid voltage interruptions that 

occurred within the time frame of 0.6–0.75 s, as depicted in Figure 7. During this case of grid voltage 

interruptions, the phase-locked devices of MSTOGI-PLL with LADRC and MSTOGI-PLL with PI 

yield the least deformation or distortion of the load voltage waveform, vla, in contrast to the SRF-PLL 

with PI. In conjunction with the ineffective operation of SRF-PLL with PI, the vla waveform 

distortion is obvious during a significant voltage interruption caused by the generator breaking 

throughout the period of 0.7–0.75 s. 
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(a) 

 

(b) 

 

(c) 

Figure 12. Load voltage waveforms of vla within 0.6–0.8 s compensated by (a) the 

MSTOGI-PLL with LADRC, (b) the MSTOGI-PLL with PI, and (c) the SRF-PLL with PI.  

Case III examines the phase-locked device performance of MSTOGI-PLL with LADRC used in 

two different UPQC control systems during the grid voltage interruptions that happened in the 

three-phase three-wire power system, as illustrated in Figure 10. This refers to Figure 1, where the 

system shown is connected to a nonlinear load, and the UPQC output control accuracy and response 

speed are compared in both hysteresis control and FCS-MPC control systems. In one group, the 

phase-locked device adopts the MSTOGI-PLL improved based on LADRC, and the output quantities 

vsa,h, vsb,h, and vsc,h adopt a hysteresis control system. In the other group, the phase-locked device 

adopts the MSTOGI-PLL improved based on LADRC, and the output quantities vsa,h, vsb,h, and vsc,h 

adopt the FCS-MPC control system for improvement. By comparing the results between Figures 

13(a) and 14(a), it can be seen that by-grid voltage interruptions have a great impact on the load 

voltage, vlabc, under hysteresis control utilized in the UPQC throughout 0–1 s. On the other hand, the 

grid voltage interruptions attributed to voltage swell and harmonic disturbances that occur between 

0.1 and 0.4 s cause a noticeable distortion of the vlabc waveform due to ineffective compensation from 

UPQC using hysteresis control. This refers to a comparison between Figures 13(b) and 14(b). In 

Figure 14(b), the UPQC with FCS-MPC compensates with a uniform sinusoidal waveform of vlabc 

throughout 0.1–0.2 s, compared to the UPQC with hysteresis control illustrated in Figure 13(b). By 

referring to Figure 14(b), the slightly distorted waveform of vlabc after 0.3 s shows the robustness of 

the FCS-MPC in improving the UPQC performance as compared to the hysteresis control. The 
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distortion of the vlabc waveform gets worse within 0.2–0.4 s, subject to the compensation conducted 

by the UPQC using hysteresis control, as illustrated in Figure 13(b). 

 

Figure 13. Load voltage, vlabc, waveform under hysteresis control of UPQC (a) within the 

period of 0–1 s, and (b) enlarged view of the period 0.1–0.4 s. 

 

Figure 14. Load voltage, vlabc, waveform under FCS-MPC of UPQC (a) within the period 

of 0–1 s, and (b) enlarged view of the period 0.1–0.4 s. 

The comparison of Figures 15(a) and 16(a) shows that the hysteresis control of UPQC fails to 

compensate for the grid voltage interruptions given in Figure 10, leading to load current, ilabc, 

waveform sagging between 0.7 and 0.75 s. However, contrary to the FCS-MPC utilized in UPQC, 

there is no ilabc waveform sagging between 0.7 and 0.75 s. Figures 15(b) and 16(b) reveal that the 

nonlinear load with a temporary rise in harmonic disturbance causes slight distortion of the two 

identical ilabc waveforms after the compensation performed by hysteresis control and FCS-MPC of 

UPQC, respectively. 
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Figure 15. Load current, ilabc, waveform under hysteresis control of UPQC, (a) within the 

period of 0–1 s, and (b) enlarged view of the period 0–0.4 s. 

 

Figure 16. Load current, ilabc, waveform under FCS-MPC of UPQC, (a) within the period 

of 0–1 s, and (b) enlarged view of the period 0–0.4 s. 

Furthermore, in Figure 17 and Table 4, it is proven that the FCS-MPC in UPQC significantly 

reduces the THD value of load voltage, vl, during grid voltage sags and swells, as compared to the 

hysteresis control in UPQC. 

Table 4. THD value of vl under different control systems in UPQC. 

Disturbance type 
THD of load voltage subject to 

FCS-MPC in UPQC 

THD of load voltage subject to 

hysteresis control in UPQC 

Voltage sag 1.1% 9.03% 

Voltage swell 7.82% 13.87% 
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Figure 17. THD value of load voltage, vl, for (a) FCS-MPC in UPQC during vs sag, (b) 

hysteresis control in UPQC during vs sag, (c) FCS-MPC in UPQC during vs swell, and (d) 

hysteresis control in UPQC during vs swell. 

In case IV, the MSTOGI-PLL with LADRC is used in UPQC for compensation in the 

three-phase three-wire power system connected to a linear load shown in Figure 1 that considers the 

impact of grid voltage disturbances as given in Figure 10. The MSTOGI-PLL with LADRC in UPQC 

is performed based on the two conditions of hysteresis control and FCS-MPC. The importance of 

hysteresis control and FCS-MPC to improve the performance of UPQC can be observed by referring 

to the compensation accuracy and response of load voltage and current waveforms that can be seen 

in Figures 19 and 20, respectively.  

The comparison between the results illustrated in Figures 18(a) and 18(c) indicates that the 

FCS-MPC enhances the UPQC performance by maintaining a stable load voltage, vla, waveform, 

contradicting the load voltage, vla, waveform distortion at 0.7–0.75 s caused by an ineffective 

hysteresis control used in UPQC. The findings are supported by a thorough investigation of the vla 

waveform, specifically focusing on the period of 0.6–0.85 s, as depicted in Figures 18(b) and 18(d). 

Figure 18(d) shows that the hysteresis control does not improve the UPQC performance in 

compensation, resulting in an adverse vla waveform distortion at 0.7–0.76 s, as opposed to the minor 

vla waveform distortion merely at 0.75 s, caused by a significant impact of FCS-MPC that improves 

the UPQC compensation performance, as depicted in Figure 18(a). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 18. Load voltage, vla , waveforms (a) at 0–1s acquired from UPQC with 

FCS-MPC, (b) at 0.6–0.85 s acquired from UPQC with FCS-MPC, (c) at 0–1 s acquired 

from UPQC with hysteresis control, and (d) at 0.6–0.85 s acquired from UPQC with 

hysteresis control. 

The comparative result in Figures 19(a) and 19(c) signifies that the FCS-MPC in UPQC can 

compensate for the disturbances, yielding a constantly stable load current, ila, waveform; albeit there 

are grid voltage interruptions within 0.7–0.75 s. Nevertheless, it is different from the deficient UPQC 

performance considering hysteresis control in which acute ila waveform distortion is evident during 

the period of 0.7–0.75 s. In addition, there is a slight distortion of the ila waveform at 0.75 s attained 

from the UPQC under the two control systems, as presented in Figures 19(b) and 19(d). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 19. Load current, ila, waveforms (a) at 0–1 s under UPQC with FCS-MPC, (b) at 

0.6–0.8 s under UPQC with FCS-MPC, (c) at 0–1 s under UPQC with hysteresis control, 

and (d) at 0.6–0.8 s under UPQC with hysteresis control. 

6. Conclusions 

This research presents an enhanced UPQC compensation system for a low-voltage 380 V 

three-phase three-wire power system. The enhancement primarily comprises two components: 1) 

deploying an MSTOOGI-PLL supported by LADRC, and 2) employing a control system based on 

FCS-MPC. Owing to enhancements in the phase-locked loop controller, simulation tests evaluated 

the MSTOOGI-PLL+PI, MSTOOGI-PLL+LADRC, and traditional SRF-PLL+PI phase-locked loop 

systems under diverse disturbance situations. The hysteresis control and FCS-MPC control systems 
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were compared for the enhancement of the control system. Simulation analysis indicates that the 

proposed LADRC-enhanced FCS-MPC system significantly improves harmonic suppression 

(diminishing load-side voltage THD), dynamic disturbance mitigation, and post-compensation power 

quality during grid anomalies (encompassing voltage fluctuations, harmonic distortion, and transient 

interruptions). The principal findings of the investigation are summarized as follows: 

(1) The LADRC-optimized MSTOGI-PLL exhibits accelerated response characteristics with 

minimized overshoot and enhanced phase-tracking accuracy. 

(2) Simulation result comparisons of three-phase-locking configurations reveal that the 

LADRC-enhanced MSTOGI-PLL reduces load-side voltage fluctuations by 41.7% during grid 

disturbances, thereby improving the UPQC compensation efficacy by 28.9%. 

(3) Assuming that the MSTOGI phase-locking device utilizes LADRC as the controller when 

subjected to a nonlinear load, the output voltage on the load side of the UPQC system governed by 

FCS-MPC control demonstrates enhanced disturbance resistance and a reduced THD value for the 

load side output. 

(4) For linear load scenarios, the proposed system maintains superior anti-disturbance performance 

with 1.1% voltage THD during sag conditions and 7.82% THD during swell events, outperforming 

conventional hysteresis control by 87.8% and 43.6%, respectively. 
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