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 In linear quadratic regulator (LQR), two different weighting matrices play an 

important role in presenting the performance of this controller. Instead of 

using classic common approach, which is trial and error method, this study 

proposes a particle swarm optimization (PSO) algorithm to track the best 

solution of the weighting matrices. The proposed algorithm is tested on shunt 

hybrid active power filter (APF) to mitigate the harmonic contents in voltage 

and current signals in a nonlinear load system. The modeling work of this 

proposed system is simulated using MATLAB/Simulink software. From the 

simulation, the obtained results proved that using PSO in tuning the LQR 

controller produce smoother nonlinear voltage and current signals. In fact, 

the amount of current to be injected into network can be reduced up to 95%. 

Besides, less time is consumed during searching the optimum weighting 

matrices using the proposed approach. 
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1. INTRODUCTION 

The main issue regards to power quality is the power system harmonics. The rapid growth of 

nonlinear loads and harmonics in current and voltage signals in the power network has become a great deal. 

Several power quality issues, their causes and other possible solutions in handling these problems were 

explained in details in [1]. The most conventional methods in dealing with these harmonics problems are 

using L-C filter and capacitor bank [2], [3]. However, these passive filters have several drawbacks such as 

fixed compensation, large size, high installation cost and resonance problem [4]. Thus, to overcome these 

shortcomings, an active power filter (APF) is employed in this work. The ability of APF to inject current into 

its system promises to provide durability and reliability in its performance.  

Technically, APF is designed to produce certain amount of current to be injected into the electrical 

network in order to drain out the harmonic components of current or voltage signals. The amount of injected 

current is controlled based on error value between reference and measured current/voltage signals. Later on, 

the error then converted into pulse width modulation to switch the inverter. In power electronic point of view, 

this process is quite similar with the voltage/current source inverter [5]. Numbers of publications have proved 

that shunt APF can successfully mitigate harmonic voltage/current and compensate the reactive power in 
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electrical system [6], [7]. Nonetheless, this APF has an adverse trait in its switching process. Its fast 

switching technique during high currents in power network generates high frequency ripple, which can cause 

electromagnetic interference in distribution system [5], [6]. In such condition, different types of control 

algorithms are adopted into APF to improve its steady state and dynamic performance. Various attempts of 

controllers for APF application has been reviewed and proposed in the previous works, such as p-q (the 

instantaneous reactive-power) theory, dead-beat controller, adaptive controls, Neuro, Fuzzy, wavelet control, 

sliding mode control, and etc [4]. However, response time of such controllers are limited by microcontroller 

speed and its performance becomes worst when dealing with nonlinear loads [8]. LQR is a controller that 

offers optimal tuning of the multivariable feedback gain. LQR is well known of its behavior of robust, 

efficient and suitable for multi input and multi output [MIMO] systems [9], [10]. Thus a LQR is chosen in 

this study to mitigate the harmonic voltage and current in shunt hybrid APF.   

Theoretically, LQR minimizes quadratic cost function, J that consists of state weighting matrices, Q 

and control weighting matrices. These two parameters greatly influence the performance of LQR controller. 

It can be determined using Riccati Equation [11]. Nevertheless, most common approach in obtaining these 

two parameters is using trial and error method [3], [6]. This classic approach is labor-extensive, time 

consuming and do not promise the expected performance. Thus, the authors in [12] gave brief explanation on 

existing optimization techniques to be implemented with LQR, for example,  artificial bee colony (ABC), 

artificial immune systems (AIS), ant colony optimization (ACO), genetic algorithm (GA), artificial neural 

networks (ANN) and more. However extensive procedure and extra parameters is required to employ these 

optimization techniques. Therefore, for the sake of simplicity, PSO is proposed in this work to tune the LQR 

controller in mitigating harmonic voltage and current at nonlinear load. 

In comparison with other optimization techniques, PSO promises robust in action, high efficiency, 

better results, cheaper and less time consuming in tracking the best solution of the fitness [12]. In fact, one of 

the most attractive feature of PSO is its final solution do not rely on the initial states of the particles. Thus, it 

makes the coding process in m.file easier [13]. LQR-PSO based had been applied on air craft landing [14], 

controlling the rotating inverse pendulum [15], stabilizing a two-wheeled wheelchair in balancing mode [16], 

controlling liquid level in the tank [17] and etc. However, LQR-PSO based implementation on three phase 

shunt hybrid filter, is somewhat missing in this literature, thus it leads to the main focused of this work. 

 

 

2. DESCRIPTION OF THE PROPOSED SYSTEM 

The shunt hybrid model of APF in suppressing harmonic content in electrical system is illustrated in 

Figure 1. This model comprises of three phase voltage sources, APF, capacitor bank and loads (linear and 

nonlinear). The phase voltage ( ) is set as 176.7 Vrms, with resistance (Rs) and inductance (Ls) value of 

0.0015 Ω and 0.1 mH, respectively. The value of the capacitor (Cf) for the capacitor bank is set to be 99.3µF 

per phase. In this hybrid model, the APF performs the harmonic current mitigation, while the capacitor bank 

acts as a reactive power compensator besides providing the path to drain the harmonic ripple. The parameter 

values and the basic structure of this model is based on work in [6], but in this work, some modification in 

terms of tuning the two weighting matrices using PSO is performed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Full system model of shunt hybrid APF 

 

 

2.1. Active power filter (APF) 
The APF is constructed using 3-level voltage source inverter (VSI), capacitors (c1 = c2 = 500 μF) 

and RL filter (Rf = 0.1Ω, Lf = 2 mH). The VSI regenerates the amount of current to be injected into the 

network. The capacitors of c1 and c2 act as energy storage, where they inject certain amount of current into 

the system every time they detect the error between reference and measured values. This error is then 
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converted into pulse width modulation (PWM) signal to switch the IGBT/Diodes. The MATLAB view of the 

APF model is displayed in Figure 2.  

 

 

 
 

Figure 2. APF model 

 

 

The reference current of APF is expressed in Equations (1) to (3) [6].  

 

 (1) 

 

 (2) 

 

 (3) 

 

where , is the reference value of filter current for phase k, is the line current of phase k (measured at 

B_Load block in Figure 1) and subscripts k denotes as phase a, b or c, respectively. is the power 

submitted to load,  is the sum of peak value of source voltage, is the power loss caused by capacitor 

voltage variation (controlled via a PI controller),  is the phase angle of the fundamental component of 

load voltage at phase a and is the angular speed at frequency of 60 Hz [6].  

 

2.2. Shunt capacitor bank 

In this shunt hybrid APF, the capacitor bank (CB) acts as a passive power filter, in which helps to 

provide the draining path of the harmonic currents. The feature advantages of CB are low in cost and 

flexibility in its installation [18]. 

 

2.3. Nonlinear load 

Nonlinear load system that shown in Figure 1 is composed with linear and nonlinear loads. The 

nonlinear load is 6-pulse diode rectifier while the linear load is a 3-phase series resistance-inductance branch 

per phase (R = 15.4 Ω and L = 15.4 mH). The linear load is shunt connected to nonlinear load. 

 

 

3. LQR CONTROLLER: PSO TUNING BASED 

In this study, the performance index of LQR is tuned using PSO. PSO is chosen due to its simplicity 

whereby only certain parameters are needed in writing the optimization code. Thus, enable faster tracking 

process in searching the best value of corresponding dimensions.  

 

3.1. Linear quadratic regulator (LQR) 

Based on state equation of  and , the equivalent state space equation,

 and the state vector x for Figure 1 is presented as written in Equation (4) and Equation (5) accordingly [6]. 
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 (4) 

 

 (5) 

 

where  is the rated value of DC voltage,  is the filter current, li  is the load current, and  is the 

current and voltage of capacitor bank, respectively. and is the equivalent resistance and equivalent 

inductance for linear and nonlinear load. is the linear state-feedback law, ( ) to minimize the 

quadratic cost function,  as written in Equation (6) [6]. K is the gain matrix, which can be obtained from 

Riccati Equation [11].   

 

 (6) 

 

where and are the semi-definite and a positive real symmetric weight matrix of state matrix x(t) and 

input matrix u(t). The important matter in LQR control is obtaining the value of Qs and R weighting 

matrices. It becomes more difficult when the system has more parameters and more input and output 

variables. Thus, to overcome these restraints and reducing time-consuming approach, a PSO is adopted into 

the system to tune the value of Q and R weighting matrices in an easier and faster way.x 

 

3.2. Particle swarm optimization (PSO) 

PSO algorithm is developed based on the nature behavior of swarm, fish flocking, bees, whales or 

other animals while they are looking for their food [19]. Technically, the involved particles will fly around 

with the updated velocity (Equation (7)) towards a new position (Equation (8)). They will keep on 

competitively flying until they find the best value for the fitness function [20].  

 

 (7) 

 

 (8) 

 

In this work, the fitness value is the integrated absolute error (IAE) between the references value of 

state vector and its measured state vector . Since the state vector consists of filter current, voltage and 

capacitor current, thus, all the obtained errors between these values will be summed up and stored in the 

workspace as IAE.  The reference value for filter current was given in section 2.1. While the reference value 

for current,  and voltage,  of capacitor bank is obtained from positive sequence extraction of current 

and voltage source [13]. On the other hand, the 4x4 diagonal matrixes of Q and 1x1 matrix of R will be set as 

the dimension. Therefore, the dimension is set to 5 in the Matlab coding. Dimension can be defined as the 

parameters to be optimized. The pseudo code for the PSO-based LQR is as follows [13]: 
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          Set the current value as the new bestp  

End 

Choose the particle with the least IAE value of all the particles as the . 

 For each Particle: 

  Calculate particles velocity, update particles position and get Q and R.  

          End 

Until all stopping criteria is met . 

 

The parameters used during initialization and the whole processes are listed in Table 1 below. The 

upper and lower level value is obtained from publication in [6].   

 

 

Table 1. Parameters value for PSO 
Parameters Value 

Number of particles 20 
Number of iterations 10 

Number of dimension 5 

 0.4, 0.9, 1.5, 1.5 

Upper band [30, 30, 30, 0, 0.1] 

Lower  band [0.0001, 0.0001, 0.0001, 0.0001, 0.0001] 

 

 

After 10 iterations with 20 particles involved, the weighting matrices of Q and R, and feedback gain 

matrix for each phase, , are obtained. The results for the gains of are given as written in Equation (9) 

to Equation (11).   

 

Q = diag ([5.7267 7.5435 21.6203 0.0001]) (9) 

 

R = 0.0625 (10) 

 

 = [9.5373   5.1246   20.9674] 

 = [9.5373   5.1247   20.9625] (11) 

 = [9.5373   5.1247   20.9625] 

 

These Qs, R and Ks are affected by the value of  and . Since the involved nonlinear and 

linear loads are in balanced condition, thus, the obtained linear feedback gain, is almost similar for each 

phase. These values will keep on changing every time the simulation is run due to the existing code of 

‘rand()’ in parameter Q and R. However, this value will not give much effect on the simulation results as 

long as the simulation is run between the determined upper and lower band of PSO.  

 

 

3.3. Pulse width modulation (PWM) analysis 

Since the feedback gain, K value is measured for each phase, thus, in order to generate a switching 

signal for phase a, all the measured IAE of the filter current, capacitor bank current and capacitor bank 

voltage are summed up before entering the hysteresis band. Later on, these signals will be converted into 

gating signal to switch the three levels IGBT/Diodes. The MATLAB view of these steps is shown in  

Figure 3. For the switching signal generation for phase b and c, same step/process is applied. 
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Figure 3. Switching signals of IGBT/Diodes 

 

 

4. RESULTS AND DISCUSSION 

Figure 4 shows the source voltage, source current, load voltage and load current signals when the 

shunt Hybrid APF system is self-controlled. Meanwhile, Figure 5 shows the same signals but with the 

existence of LQR-PSO based control in the proposed APF system. From Figure 4(a) and Figure 4(b), it can 

be observed that, without the implementation of LQR based PSO, the current and voltage signals at the 

source side are influenced by the harmonic factor. Similar situation can be depicted to the generated voltage 

and current signals at the load side, as depicted in Figure 4(c) and Figure 4(d), respectively. This is because, 

at 0.04 sec, APF starts to inject the filter current into the network. However, due to the fast switching 

behavior  of APF [5], high frequency ripple is generated at voltage and current signals on both sides. Thus, 

this proved that in the absence of an appropriate controller, the APF could increase the harmonic contents in 

the current and voltage signals.  

Meanwhile, as can be seen in Figure 5(a-d), the generated signals for source voltage, source current, 

load voltage and load current are smoother and free from high frequency ripple compared to the signals in 

Figure 4(a-d). The obtained voltage signal at load side (as shown in Figure 5(c)) is 150V, which is equaled to 

the voltage at supply side (as shown in Figure 5(a)).  This is because the balanced non linear load is 

connected in parallel with supply. While, the current values on the supply side remains constant at 12A once 

the hysteresis controller is switched on. On the contrary, load current remains constant at approximately 11A 

throughout the simulation times. The reduction of current values from supply side (12A) to the load side 

(11A) is due to the power losses in the system network during power transmission. 

 

 

 
 

Figure 4. Results of shunt hybrid filter without the linear feedback gain of LQR: (a) Voltage source, (b) 

Current source, (c) Load voltage, (d) Load current 

 

 

Obviously, with the presence of LQR-PSO based controller, with the tuned value of feedback gain, 

K, the harmonic content in both source and load sides are suppressed, as shown in Figure 5(a) to  

Figure 5(d). Thus, with the existence of tuned K parameter in the LQR-PSO based controller, smoother 

voltage and current signals can be supplied to the load side. However, as can be seen in this figure, there are 
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some fluctuations shown in the early simulation stage, as can be observed in Figure 5(b), e.g. time between 0 

to 0.02 second. This is caused by the setting time of the hysteresis band. Nevertheless, once the hysteresis 

band is at on state, the source signals become smoother.  

Figure 6 shows the current injected from shunt Hybrid APF at phase a. This injected current is based 

on the summation of the nonlinear load and linear load. Since the applied linear and nonlinear load applied in 

each phase is balanced, thus the amount of injected currents for phase a are almost the same for phase b and 

phase c. From this current signal, it can be observed clearly that with the existence of LQR-PSO based 

controller, the injected current from APF into the power network is reduced. Without the LQR-PSO based, 

almost ±60A is required to be injected into the power network to serve the load. Conversely, with the 

implementation of LQR-PSO based on shunt hybrid APF, only approximately ±3A is required to be injected 

into such power network. Besides, from the simulation work that has been done, the advantages of PSO are 

proven. From the tuning activities, it was found that PSO offers fast tuning process, fast convergence and less 

computational work.  

 

 

 
 

Figure 5. Results of shunt hybrid filter with the linear feedback gain of LQR: (a) Voltage source, (b) Current 

source, (c) Load voltage, (d) Load current 

 

 

 

 
Figure 6. Filter current of APF to be injected into the network 

 

 

5. CONCLUSION 

In this study, a shunt hybrid APF model with the presence of LQR controller was successfully 

designed and constructed using MATLAB/Simulink software environment. The LQR controller has been 

placed in the APF model to mitigate the current and voltage harmonics in a network with nonlinear load. To 

obtain the appropriate weighting matrices of the LQR controller, PSO algorithm was used. From the obtained 

simulation results, it had been shown that the harmonic contents in the voltage and current signals of the 

nonlinear load can be suppressed successfully when LQR-PSO based controller was built in the APF. The 

injected current from APF was also reduced up to 95 %, therefore improving the APF behavior in terms of its 
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fast switching technique. The application of PSO technique in tracking the best solution of Q and R 

weighting matrices has reduced the weakness of trial and error method. As conclusion, using PSO in LQR 

approach is more convenient, presents more powerful in computational technique and less time consuming 

than the conventional technique. 
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