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Abstract: The application of non-linear loads in the power electronic device causes serious harmonic issues in the power system since it has the intrinsic property of retrieving harmonic current and reactive power from Alternating Current (AC) supply that leads to voltage instability. To maintain a reliable power flow in the power system, an innovative Unified Power Flow Converter (UPFC) is utilized in this proposed approach. The conventional series converter is replaced with the Modular Multilevel Converter (MMC) that improves the power handling capability and achieves higher modular level with minimized distortions. The shunt compensator assists in minimizing the voltage fluctuations and maximizing the voltage stability under different load constraints. The Direct Quadrature (DQ) theory is utilized in this study to separate the harmonic components by generating reference frame current. The Proportional Integral (PI) controller aids in maintaining the direct current potential difference in the constant mode whereas the Pulse Width Modulation (PWM) generator helps in delivering optimized output to the MMC. The gain parameters of PI controller are optimized with the aid of employing Particle Swarm Optimization (PSO). The entire work is validated using MATLAB simulink and the obtained outcomes proves that this new UPFC is highly beneficial in minimizing the distortions with reduced Total Harmonic Distortion (THD) of 2.21%.
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1  Introduction

The eminence of power electronics is consistently elevated in many industrial applications. The usage of non-linear loads in the power electronics device causes the occurrence of harmonic current in AC transmission system and maximizes the overall reactive power. Hence, this proposed work concentrates on mitigating the source current harmonic distortions under different load conditions. Many researchers have made a research on the power flow control strategies using advanced algorithms with UPFC for regulating the energy flux in an efficient manner [1–3]. To increase the energy transfer capacity and stability, different methodologies are employed in the past days. In the existing works, the Power Quality (PQ) issues are overcome through the implementation of Shunt Active Power Filter (SAPF). This SAPF attains only source current compensation and fails to attain voltage compensation. Moreover, a high voltage stress is occurred in this filter. These issues are rectified by using Static Synchronous Compensator (STATCOM), which reduces the occurrence of voltage stress by making use of external Direct Current (DC) source. However, the STATCOM fails to accomplish the harmonic compensation and stability enhancement [4–8]. Before using STATCOM, the Static Volt-Ampere Reactive (VAR) compensator is preferred. It is usually used in the transmission applications that require voltage control at weak points in electrical power system. It supplies the reactive power with low voltage at heavy loads whereas it absorbs reactive power with high voltage at low load [9,10]. In this proposed work, an AC transference approach with UPFC that holds a wide range of application in the modern power systems is utilized due to its versatile functionalities. The UPFC incorporates the benefits of both STATCOM and Static Synchronous Series Compensator (SSSC) [11]. These two are coupled to the distribution line through the series and shunt transformers whereas these two are integrated with each other through a common DC link. Currently, the research on UPFC concentrates on system modeling and optimizes the dynamic execution of the grid. When any disruption is occurred in the transmission line, the fault current is automatically injected into the series part, which severely affects the safety of UPFC. Moreover, it takes much time to re-involve into the operation because of its serious inconsistency in upper and lower voltages, [12–16]. Hence, the series controller is replaced with the MMC to rectify all these limitations. Under normal operation, it works like an existing converter but if any flaws are detected, high impedance is automatically infused by the current limiting mode of MMC to conserve the normal operating condition. It is thus highly applicable for the high voltage and higher power industrial applications as it provides reliable output with minimum harmonics. By applying a cross coupling strategy based on d-q theory, the immediate retaliation and restraint in interference are provided between the original and reactive energy flux [17]. In this control strategy, the real and reactive power are independently manipulated by using quadrature axis voltage and direct axis voltage. The capacitor voltage and the bus voltage of UPFC are respectively manipulated by using direct axis framework and quadrature axis framework. The reference magnitude is analogized with the initial value and then provided to PI controller as the input. As it is highly essential to tune the parameters of PI controller for maintaining a constant DC link voltage, different approaches are employed in the process of tuning the PI parameters [18,19]. As it has plenty of advantageous impact in the process of monitoring the stability of control system, it plays a significant role [20]. The proposed PI controller provides good stability and minimizes the overshoot problem in a wider range [21,22]. The PI parameters are optimized by PSO approach and the optimized output is then given to the PWM generator. The PSO generates optimal solutions with the utilization of maximum iterations. The d-q theory is employed to obtain the desired amplitude and angle (phase difference) of compensator. Finally, the DC voltage is transformed to AC by using a three phase inverter.

Therefore, the UPFC is employed in this work, which involves in improving the power quality of the system and lessening the distortions with the assistance of the MMC. The operation of the converter is regulated by a PI controlled PWM generator. The corresponding gain parameter values of the PI controller are optimized by PSO approach, which in turn generates improved results.

The outline of the proposed work is structured as follows, a brief introduction is provided in section 1, Section 2 elaborately explicates the proposed methodology, Section 3 contains the obtained test results and Section 4 gives a short summation of this work. The proposed methodology is clearly explained in the following section.

2  Proposed Methodology

The UPFC system is the combination of both SSSC and STATCOM that are interconnected by a DC-link voltage. In this proposed methodology, a novel UPFC based MMC is utilized as shown in Fig. 1. Because of having versatile functionalities, the UPFC is used in this system and it efficiently handles the relative energy in transmission lines. To maintain the stability of the grid and to minimize the transitory constituents of the generator during the occurrence of fault in the power grid, the UPFC immediately delivers true and relative power into the system. The series compensator and transmission line are serially connected by utilizing the series transformer. While converting the AC voltage into DC, the series converter delivers high ripple content, which is efficiently minimized by replacing the traditional series converter with MMC. It transforms the obtained DC voltage into 3 phase alternating voltage. The voltage is delivered to the non-linear load through the transformer. The stable load impedance independent current is obtained through the source input voltage and current by d-q theory. The actual and reference current are analogized by using Hysteresis Current Controller (HCC) to generate the PWM pulses. For preserving a stable voltage of DC-link and suppressing the harmonics, the PI controller is employed. In PI controller, the voltage of the capacitors is assessed and analogized with stable voltage. For the PI controller, the input is the obtained error and output is the highest value, in which the wave reaches the stable value of the current. The Transfer Functions (TF) of PI controller is computed as, 
(S)=Kp+Ki/S
. The Proportional gain, 
Kp
and integral gain, 
Ki
, are modulated by using the iterative algorithm called PSO. The detailed explanation of this approach is significantly represented in the upcoming sections.
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Figure 1: Proposed system circuit diagram

2.1 MMC Model

In Fig. 2, the topological structure of MMC is represented. This model comprises of three phases, in which the upper and bottom bridges are coupled with the AC line through the arm reactor.
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Figure 2: Design of series converter based on MMC

The characteristics of arm reactor is similar to the characteristics of inductor L and resistor 
Rs
. The AC current in the grid is represented as 
isi
, the dc current is indicated as 
idc
whereas 
ipiandini
denote the phases of upper and lower bridge arm current.

For individual block, the potential difference is specified as 
Usm
, the upper and lower sub block of DC capacitor voltage are represented as 
UsmpandUsm
. The resistor 
Rp
is coupled with the capacitor of each block according to the shunt basis.

Eliminate the arm resistors and consider the tip position with the top end of top bridge arm and bottom bridge arm at the equi-potential point.

At this point, the obtained voltage is 
Usi
, where I refers to a, b and c. In top arm, the dc voltage is specified as 
Udc
. The voltage in the upper and lower arm are specified as 
U1ΔdsiandU2Δdsi
. The power source of AC is specified as 
Usi
. The for the upper and lower arm operation cycles are specified as 
dpianddni
.

In the switching cycle, 
X¯TSandTs
represent the average quantity of the electrical parameter X as shown in Fig. 3.
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Figure 3: Relationship among the DC, bridge, and AC output voltage of MMC

The switching representation of upper-bunk and lower-bunk arm of MMC are obtained by making use of Kirchhoff’s voltage law. It is given as follows,


dipi¯Tsdt=1L(−u1Δdsi¯Ts+dpiNusmp¯Ts−Rsipi¯Ts)
(1)


dusmp¯Tsdt=1C(−dpiipi¯Ts−usmp¯TsRp)


dini¯Tsdt=1L(u2Δdsi¯Ts+dniNusmn¯Ts−Rsini¯Ts)
(2)


dusmn¯Tsdt=1C(dniini¯Ts−usmn¯TsRn)

Consider 
Rp=Rn=R
and 
Usmp=Usm
.

By computing Eqs. (1) and (2), it is represented as,


dusm¯Tsdt=12C(dniini¯Ts−dpiipi¯Ts)−usm¯TsRC)


disi¯Tsdt=1L(2usi¯Ts+N(dni−dpi)usm¯Ts−Rsisi¯Ts)
(3)

From the above equation, 
isi
is indicated as 
isi+ini
and 
Usi
is represented as 
Usi+Uni.

The gross resulting voltage of top and bottom arm in sub component is given as,


Ndpiusm¯Ts=udc/2¯Ts−uoi¯Ts
(4)


Ndniusm¯Ts=udc/2¯Ts−uoi¯Ts

At the time of modelling stage, eliminate the reactive voltage, 
Udc≈NUsm
. From eq. (4), 
dpi,dni
are represented as,


dpi=12(1−di)
(5)


dni=12(1−di)

In each phase, 
di
represents the equivalent resulting modulating cycle.

To perform substitution in Eq. (3), the mean switching cycle of MMC in three phase model is required.


disi¯Tsdt=1L(2usi¯Ts+Ndiusm¯Ts−Rsisi¯Ts)
(6)


dusm¯Tsdt=12C(di2isi¯Ts−idc3−usm¯TsRC)

The mean switching cycle of MMC is obtained by using the park transformation.


L2disd¯Tsdt+Rs2isd¯Ts=usd¯Ts+ωL2isq¯Ts−Nusm¯Ts.dd2


L2disq¯Tsdt+Rs2isq¯Ts=usq¯Ts+ωL2isq¯Ts−Nusm¯Ts.dq2
(7)


6C.dusm¯Ts2=34(dd.isd+dq.isq)¯Ts−idc−6usm¯TsR

2.2 Three Phase Six Switch Inverter

Fig. 4 depicts structural representation of the three phase six switch inverter. It has two legs and each one of these legs has three power switches. In addition, three sources are placed at the DC link. In the three-phase AC loads, two phases are linked to the inverter legs and the remaining phase is connected to the DC source. The number of switches is effectively reduced in this system since the middle switches in the inverter legs get shared by two AC loads. This inverter invloves in two modes of operation like variable frequency and constant frequency modes, among which the former mode has adjustable amplitude of output voltages and frequency wheres the latter has variable amplitude and stable frequency.
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Figure 4: Three phase six switch inverter

2.3 UPFC System - DQ Theory Model

Three phase AC voltage is classified into zero, positive and negative sequence elements.


[VsaVsbVsc]=Va[cos⁡(ωt+φ0)cos⁡(ωt+φ0)cos⁡(ωt+φ0)]+Vb[cos⁡(ωt+φ1)cos⁡(ωt−2π3+φ1)cos⁡(ωt+2π3+φ1)]+Vc[cos⁡(ωt+φ2)cos⁡(ωt+2π3+φ2)cos⁡(ωt−2π3+φ2)]
(8)

where 
Vsa,Vsb,Vs
are represented as AC voltage of three phase and 
Va,Vb,Vc
are indicated as zero, positive and negative voltages respectively.


Vs=[VsaVsbVsc]=[Va0Vb0Vc0]+[Va1Vb1Vc1]+[Va2Vb2Vc2]
(9)

The input current of three phase is given as,


Is=[IsaIsbIsc]=[Ia0Ib0Ic0]+[Ia1Ib1Ic1]+[Ia2Ib2Ic2]
(10)

The estimated power is computed in eq. (11).


Ss=Ps+jQs=VsIs∗
(11)

The general equation of d-q theory is written as,


Ss012=Sl012+Sf012
(12)

where zero, positive and negative sequence power are represented as 0, 1 and 2 respectively. The overall power infused to the grid is evaluated as,


Sl012=Ss012+Sh012


Sl012=ps012(t)+Qs012(t)+ph012(t)+Qh012(t)
(13)

In Eq. (13), the parameter P and Q indicatethe real and reactive power of the transmission system.


Vαβ0=23[1−12−12032−32121212]Vs
(14)


Iαβ0=23[1−12−12032−32121212]Is
(15)

The voltage and current of three phase input are transformed to 
αβ0
parameter by using Clarke transformation.

The parameters 
αβ
are evaluated from from above equations.


Vαβ=23[1−12−12032−32]Vs
(16)


Iαβ=23[1−12−12032−32]Is
(17)


Vαβ=V1[cos⁡(ωt+φ1)sin⁡(ωt+φ1)]+V2[cos⁡(−ωt+φ2)sin⁡(−ωt+φ2)]
(18)


Vdq1=Vαβ[cos⁡(ωt)sin⁡(ωt)−sin⁡(ωt)cos⁡(ωt)]
(19)


Vdq2=Vαβ[−cos⁡(ωt)−sin⁡(ωt)sin⁡(ωt)−cos⁡(ωt)]
(20)


Vdq1=V1[cos⁡(φ1)sin⁡(φ1)]+V2[cos⁡(φ2)sin⁡(φ2)−sin⁡(φ2)cos⁡(φ2)][cos⁡(2ωt)sin⁡(2ωt)]
(21)


Vdq1=V1[cos⁡(φ1)sin⁡(φ1)]+Vd2[cos⁡(2ωt)−sin⁡(2ωt)]+Vq2[sin⁡(2ωt)cos⁡(2ωt)]
(22)


Vdq2=V2[cos⁡(φ2)sin⁡(φ2)]−Vd1[cos⁡(2ωt)sin⁡(2ωt)]+Vq1[sin⁡(2ωt)−cos⁡(2ωt)]
(23)

From d-q theory, the reference signal for UPFC is computed as,


P0=32[vd1−vq1−vd2vq2][iq2id2iq1id1]


Q0=P2=32[vd1vq1vd2vq2][id2iq2id1iq1]
(24)

From the source potential and current, the reference signals are retrieved by using Park and Clarke transformation. The retrieved reference signal is analogized with the actual value by using hystersis comparator. The HCC generates the required PWM pulses, which are then injected to the series and shunt converters. The PI controller maintains the DC-link voltage as constant.

Tracking the real 
Vdc
across the capacitor is one of the significant functions of the DC voltage regulator.The error is computed by taking the difference between fixed 
Vdc
and the actual 
Vdc
. The attained error is provided to the PI controller. The result of the PI controller is treated as the reference for the actual constituent of ion flow, which is recovered by UPFC as in Fig. 5. The comparison is performed between the reference values and actual values in the cross coupled controller. By using PI controller, the voltage of capacitor is constantly maintained. The TF of PI controller is computed as,


H(S)=Kp+KiS
(25)

where 
Kp
is the proportional gain 
andKi
is the integral constant gain. These are modulated with theassisstance of an iterative algorithm called PSO.
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Figure 5: DQ theory modelling for UPFC system

To obtain optimal proportional and integral gain values, the PSO is utilized in this proposed approach, which is significantly portrayed in Fig. 6. The PSO is highly suitable for solving non-linear optimization problem. This optimization technique imitates the communal charateristics of various species of aves. The working principle of this algorithm is based on the amount of fragments in exploring the inner area of the multidimensional space. The main focus of this iterative algorithm is to enhance the parameters of PI controller, (
KpandKi).
It searches the optimum resolution in the exploration area and generates the best solution in the search space by simulating the particle. In this approach, a population of swarm is set with random velocities 
Vi
and position 
Si
. Initially, each particle is randomly scattered throughout the whole search space and then these particles adjust the velocities in accordance with the flying behaviour through the instructions provided by the population crieterion. Each particle observes its best position retrieved so far and attains the global best position in an efficient manner. The updated velocity and position are represented as follows,


Vii+1=Wt.Vit+C1.R1.(Pit−Sit)+C2.R2.(Git−Sit)
(26)


Sit+1=Sit+Vit+1
(27)


Wt=(Wmax−Iter)×[Wmax−WminItermax]
(28)

where 
C1andC2
are referred as the constants. 
R1,R2
are random numbers between the range of 0–1. The parameter W is represented as weight that enhances the overall effectiveness of PSO.
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Figure 6: Fowchart for particle swarm optimization

Thus, an MMC utilizing a PI controlled PWM generator is proposed in this work. The obtained 
Kp
and 
Ki
values of series part are 0.1 and 0.01 respectively. Similarly, the obtained Kp and Ki values of shunt part are 0.1 and 0.017 respectively. This novel converter employs d-q theory for the generation of reference current, which in turn reduces the harmonics in a wider range. The optimized gain parameter values are obtained with the PSO approach, which remarkably assists in generating the improved results.

3  Results and Discussion

The proposed methodology is validated in MATLAB simulation. A supply of 100 V AC is provided in this system. The input power exhibits extensive distortion and this distortion is minimized by using the proposed system. In addition, it maintains the stabilty of power system in an efficient manner.The technical specifications of the proposed approach are specified in Tab. 1.

[image: images]

3.1 Simulation Results

The waveforms indicating the input voltage and current are significantly portrayed in Fig. 7, which proves that the voltage value of 110 V is given as input. It is also proved from the waveform that the the proposed technique remarkably maintains the voltage stability, which in turm maximizes the overall performance of the system.

[image: images]

Figure 7: (a) Input AC voltage waveform (b) Waveform of input AC source current

The waveforms show maximum order harmonics but it is significantly minimized through the implementation of the proposed UPFC system. A 
AC voltage is delivered to the load and the UPFC regulates the voltage as constant, which is significantly illustrated in Fig. 8a.
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Figure 8: (a) Waveform of load voltage (b) Load current waveform

The sinusoidal load voltage and load current waveforms are illustrated in Fig. 8. The distortions are significantly reduced.

The DC link voltage waveform with PI controller is represented in Fig. 9a. The PI controller fails to constantly maintain the link voltage as it delivers high distortions as represented in the figure. In order to lessen the distortions, the PSO-PI approach is employed in this work, which maintains the DC link voltage as constant without any distortions as represented in Fig. 9b.
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Figure 9: (a) Waveform of DC link voltage with PI (b) Waveform of DC link voltage with PSO-PI (c) Source side and load side power waveform

The UPFC system has a good capability to minimize the reactive power and to increase the real power at both sides as represented in Fig. 9c. The reactive power is increased with the assistance of the non-linear load at transmission line. At that time, the MMC converter absorbs the energy through PCC, which is stored in the DC link condenser. By utilising the shunt transformer, the shunt converter incorporates the real power in the PCC. Figs. 10a and 10b depicts the output voltage waveforms of MMC and the shunt converter.
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Figure 10: (a) MMC converter output voltage waveform (b) Wave form of shunt converter voltage

The waveforms representing the reference current and voltage are specified in Figs. 11a and 11b. This reference voltage and current waveforms are obtained from the source side by using DQ theory.
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Figure 11: (a) Shunt converter reference current waveform (b) Reference voltage waveform for series converter

3.2 Hardware Results

A prototype is modelled to scrutinize the validity and applicability of the proposed UPFC configuration. To test the efficiency of the proposed technique, the experimentation is carried out using various functioning circumstances through minimal and maximal extent adjustments with true power flux. The input current and voltage waveforms are evidently represented in Fig. 12.
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Figure 12: Experimental outcome of input current and voltage waveform with non-linear load

Figs. 13a and 13b respectively depict the sinusoidal load voltage and current waveforms. The link voltage is constantly maintained by using the PSO-PI controller in an efficient manner. The the waveform of DC-link voltage with PSO-PI controller is remarkably illustarated in Fig. 14.
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Figure 13: (a) Load voltage waveform with UPFC system (b) Load current waveform with UPFC system
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Figure 14: Waveform of DC-link voltage withPSO-PI controller

The occurrence of harmonic distortions, which are initiated by the applicaion of nonlinear loads makes the current as non sinusoidal. It is highly mandatory to eliminate the harmonics for enhancing the overall performance of the system without any interruptions. Hence, the PSO-PI is remarkably employed in this study to elimnate the harmonics. The THD compensation without optimization is shown in Fig. 15, which delivers the higher THD of 25.59%.
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Figure 15: THD waveform before compensation

By using PI controller, the THD is dropped from 25.59% to 5.70%, which is significantly portrayed in Fig. 16a. The THD is further minimized to 2.21% by implementing the PSO-PI controller as represented in Fig. 16b. The optimum outcome is attained by employing PSO and the outcomes proves that the proposed approach is highly applicable for reducing the distortions in an optimal way.
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Figure 16: (a) THD with PI controller (b) THD waveform with PSO-PI

The comparison of the proposed PSO-PI in terms of THD is performed with PI and Fuzzy-PI controllers as mentioned in Fig. 17. The obtained THD values for PI and Fuzzy-PI controllers are 5.7% and 4.5% respectively. The proposed PSO-PI controller delivers the THD value of 2.21%, which is comparatively lesser than the other controlling approaches.
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Figure 17: Comparison of THD

4  Conclusion

The primary aim of this present work is to mitigate the harmonic distortions in the transmission system. The proposed approach investigates the functioning criterions and real power behaviour of MMC-UPFC.The converter employs d-q theory for the generation of reference current, which in turn effectively reduces the harmonics in a wider range. The proposed PSO approach generates optimized results as it is equipped with maximum iterations. The entire work is simulated through MATLAB simulink and the obtaines outcomes are validated in an efficient manner. The obtained THD value with PSO-PI controller is given as 2.21%, which is comparatively better than the other approaches. Under various operating conditions, the DC bus voltage of MMC-UPFC is retained as constant within a secured range. Hence, the steady state performance of UPFC system is accomplished in an optimal way.
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Table 1: Technical specifications

Parameters Values

Power 1 KW

Voltage 110 V

Current 9A

Frequency 50 Hz

Controller used FPGA Spartan 6E controller
Driver circuit TLP250

Transformer
Current sensor

Switch used

110/415, 1 KVA
Hall effect current sensor
IGBT based smart power module (FSB43004A)
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