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Abstract: This paper proposed the deployment of a local three-phase four-wire (3P4W) electrical power distribution 

system (EPDS), using a single-to three-phase Unified Power Quality Conditioner  topology,  called UPQC-1Ph-to-

3Ph. This topology is applied for applications in rural or remote areas where, EPDS with single wire earth return 

system is only available for consumers.  Since the use of three-phase loads is increasing in these areas, access to a 

three-phase distribution system becomes very important.  A 3P4W system with regulated, balanced and sinusoidal 

voltages with low harmonic contents is provided for single- and three-phase loads. An analysis of the power flow 

through the series and parallel converters is performed in order to aid the designing of the power converters. 

Experimental results are presented for validating the proposal, as well as evaluating the static and dynamic 

performances of the proposed topology.  

 

Key words: Dual Compensation Strategy, rural and remote areas, single-wire earth return (SWER), unified power 

quality conditioner (UPQC). 

 

1. INTRODUCTION 

 

The demand for single-phase electrical energy in rural areas has significantly increased in the last 

decades.  This increase in power demand is due to the modernization of technologies both in 

agriculture and in livestock.  We can confirm this statement by several examples such as the 

automation of irrigation, as well as the post-harvest agricultural processing involving seed 

selection and milling, ventilation and refrigeration, washing and packaging lines, among others.  

In this context, there is a booming trend of increasing energy demand in rural areas, as well as 

there is a need to enhance the power quality due to the change in the different characteristics of 

the loads.  One of the main components of power quality (PQ) is the voltage regulation found in 

the rural single-phase grids [4], [5], because when exposed to large loads, these grids have 

substantial voltage drops, whereas at times of low consumption the voltage tends to rise [1].  

However, a solution not so efficient due to constant load variations can be adopted by adjusting 

the taps of the transformer of the Single Wire Earth Return (SWER) network. Another solution, 

more efficient in this case, is the use of single-phase voltage regulators [5]. 

 

 

We can see that an increasing needs to use three-phase distribution grids in order to meet 

the demand for electrical energy in rural areas due to the changes in the characteristics of the 

loads.  Presently, most of them could be driven by three-phase induction motors instead of 

single-phase motors, for they have a higher starting torque [7].  Numerous solutions and/or 

configurations of single-phase-to-three-phase (1Ph-to-3Ph) converters have been proposed in the 

literature [6], [7], [9] - [11].  Dedicated to feed three-phase, three-wire loads and integrating the 
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functioning of the Unified Power Quality Conditioner (UPQC), the 1Ph-to-3Ph converter 

presented in [12] implements universal filtering.  In this paper we presented experiments to 

validate the UPQC-1Ph-to-3Ph intended to feed single-and three-phase loads from the SWER 

power distribution systems, which is commonly found in rural and/or remote areas and suffer 

with PQ problems.  The proposed system simultaneously can accomplish two important 

functions such as: 

 

(i) Convert the single-phase grid into a three-phase grid, generating a 3P4W distribution system 

with neutral wire is earthed to the final consumer, permitting to connect single-and there-phase 

loads;  

(ii) Perform the series and parallel active power filtering in order to improve the PQ indicators, 

such as power factor and harmonic distortion [23]. 

 

2. LITERATURE REVIEW 

 

SWER systems are used for providing electricity at low cost, for small populations of people 

spread across wide geographical areas.  It is principally used for providing electricity in rural 

areas and other isolated loads and light fence. The present SWER distribution systems have been 

extended due to the increase in loads because of consumers’ modern lifestyle, which has added 

additional load of air conditioning equipment, motors driven by variable-speed drives and 

inverters.  In [12] the authors proposed cost-effective solutions to address the problem of voltage 

regulation and compensation of the unbalancing effect of SWER lines on the three-phase feeder 

of these lines, which have been aggravated by this load growth.  A LV switchable reactor has 

been designed to improve the power quality and a prototype is made and tested in the field.  

To reduce the power quality (PQ) problem of the modern power systems, the unified PQ 

conditioner (UPQC) becomes a good solution with considerable attention. Since the UPQC 

consists of two sets of power converters, it will greatly increase the manufacturing investment of 

the setup.  The optimal volt-ampere (VA) ratings of the converters in the UPQC are investigated 

by Ye et al., in [13] due to system compensating requirements. The phase angle control (PAC) 

method is discussed and illustrated to have the feature of changing the online VA loading by 

adjusting the corresponding displacement angle. On the basis of the variable PAC method, a two-

stage algorithm is utilized to optimize the ratings of the shunt and series converters in order to 

obtain the maximum utilization rates of the power converters in the UPQC. Moreover, the 

corresponding control algorithm is utilized to reduce the proposed UPQC online VA loadings for 

the different compensating operations. The proposed UPQC is compared with other approaches 

to highlight the advantage of the proposed optimization algorithm. The proposed algorithms are 

also validated with the simulation and the real-time control hardware-in-loop results of the 

designed system. 

In [14] Lakshmi et al. presented the modeling and allocation strategy for open unified 

power quality conditioner (UPQC-O) integrated photovoltaic (PV) generation system in radial 
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distribution networks to improve the energy efficiency and PQ. An UPQC is a custom power 

device, which consists of series and shunt inverters. In UPQC-O, these inverters are placed in 

different locations in a network. There is a communication channel to share the information 

among these inverters to select the respective set point. Two models proposed are: (i) UPQC-O 

with battery and PV array (UPQC-O-WB) and (ii) UPQC-O with only PV array (UPQC-O-

WOB). In UPQC-O-WB, the energy generated by PV array is stored during its operation hour to 

utilize it during peak hour. However, in UPQC-O-WOB, the energy generated by PV array is 

directly injected to the network. The proposed models are incorporated in the forward–backward 

sweep load flow to determine the operational parameters such as bus voltage. An optimization 

problem is formulated to determine the optimal placement of UPQC-O with PV array in 

distribution networks. The objective function includes the investment and operational costs of 

inverters, battery and PV array, and the cost of energy loss. The particle swarm optimization is 

used as the solution strategy. 

In [15] dos Santos et al. proposed a single-phase to three-phase power conversion system 

with parallel rectifier and series inverter to cope with single-phase to three-phase asymmetry. 

Such converter guarantees both reduction in the input current processed by rectifier circuit and 

reduction of the output voltage processed by the inverter circuit. It is worth mentioning that, in 

spite of proposing a topology with features not yet observed on the technical literature, this paper 

presents a comprehensive model of the proposed converter, modulation strategy, and a general 

comparison with the conventional configuration. Simulated and experimental results are also 

presented. 

 

3. SYSTEM DESIGN 

The voltage regulation is one of the main problems of power quality (PQ) found in the rural 

single-phase grids, because when heavy loads are connected, these grids have significant voltage 

drops, whereas at times of low consumption the voltage tends to rise.  However, due to constant 

load variations no solutions can be adopted by adjusting the taps of the transformer of the SWER 

network. A more efficient solution in this case, is the use of single-phase voltage regulators.  

Since UPQCs simultaneously perform the functions of series active power filter (SAPF) and 

parallel active power filter (PAPF), they can be commonly employed to mitigate PQ problems, 

both in single-phase distribution systems and in 3P4W distribution systems.   

 

The topology of the UPQC-1Ph-to-3Ph is shown in Figure 1. Usually, the UPQCs are 

organized to perform series and parallel compensation, synthesizing non-sinusoidal quantities of 

voltage and current.  That is the series converter synthesizes non-sinusoidal voltage quantities to 

compensate for grid voltage disturbances, at the same time the parallel converter synthesizes 

non-sinusoidal current quantities with the purpose of suppressing harmonic currents and 

compensating the reactive power of the loads.  For this compensation strategy, some calculation 

method capable of generating the voltage and current compensation references should be used.  
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On the other hand, some studies presented in the literature have used the dual 

compensation strategy to control the series and parallel converters of the UPQC.  In this strategy, 

sinusoidal voltage and current references are employed to control both the converters.  In this 

case, the series converter synthesizes sinusoidal current quantities and, consequently, operates as 

a sinusoidal current source, providing a high impedance path for the current harmonics of the 

load. 

The parallel converter synthesizes sinusoidal voltage quantities and, in this case, operates 

as a sinusoidal voltage source, providing a low impedance path for the current harmonics of the 

load. It is also observed that the performances of the controllers are notably better when they 

operate with sinusoidal references, when compared to those that use non-sinusoidal references.  

In addition, since the control references are sinusoidal, the controllers implemented in the 

synchronous reference frame will have continuous reference of voltage and current, facilitating 

even more the control. Another advantage of dual compensation is in the form of generation of 

control references, which is performed only with the use of a Phase-Locked Loop (PLL) system.   

 

 

Figure 1. Topology of the UPQC-1Ph-to-3Ph. 

3.1 Proposed System 

The main contribution presented in this paper is to validate experimentally the UPQC-1Ph-to-

3Ph destined to feed single-and three-phase loads from the SWER power distribution systems, 

commonly found in rural and/or remote areas and suffer with PQ problems. By adopting the dual 

compensation strategy, the proposed UPQC-1Ph-to-3Ph makes possible to drain from the single-

phase electrical grid a sinusoidal current in phase with the grid voltage.  Furthermore, the system 
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can also suppress harmonics from the grid voltage, as well as compensate for voltage 

disturbances, such as voltage sags/swell. In other words, the UPQC-1Ph-to-3Ph can conceive a 

local 3P4W system with regulated, balanced and sinusoidal load voltages with low harmonic 

contents improving the PQ indicators. Therefore, the proposed system can achieve two important 

functions simultaneously, as described:  

i. Convert the single-phase grid into a three-phase grid, generating a 3P4W distribution system 

with earthed neutral wire to the final consumer, allowing to connect single-and there-phase 

loads;  

ii. Perform the series and parallel active power filtering improving PQ indicators, such as power 

factor and harmonic distortion.  Furthermore, in order to assist in the proper dimensioning of the 

UPQC-1Ph-to-3Ph power converters, an analysis involving the power flow through the serial and 

parallel converters. 

3.2 Description 

The topology of the UPQC-1Ph-to-3Ph is formed by two PWM converters, being a half-bridge 

inverter and a split-capacitor 3-Leg inverter sharing the same dc-bus.  

As can be noted, a half-bridge inverter is used to compose the series converter, while in it 

was composed of a full-bridge inverter.  Thus, besides using one leg less compared to the 

topology, the dc-bus is formed by the split-capacitor configuration, allowing access to the 

earthed return conductor of the load, as well to be used in SWER distribution systems. As can be 

noted in Figure 1, the four-wire of the load is connected to the dc-bus central point. The series 

converter, also called SAPF, is current controlled so that the input drained current is sinusoidal 

and in phase with the grid voltage, resulting in a power factor (PF) very close to one.  A filter 

inductor (Lfs) is placed in series with the primary winding of the single-phase series coupling 

transformer. 

 

The modification done here is the replacement of Parallel PWM converter by four switch 

three phase inverter to reduce the switch losses occurred by the semi-conductor devices.  The 

parallel converter, called PAPF, is voltage controlled and it imposes three-phase sinusoidal, 

regulated and balanced voltages to the loads. The load voltage of phase “a” (VLa) is controlled to 

be in phase with the grid voltage (VS). Second-order LC filters are used to attenuate the high-

frequency voltage components.   Since the inverter leg connected to phase “a” is controlled to 

operate as a sinusoidal voltage source, the harmonic and fundamental components of the grid 

voltage are indirectly compensated by the system, and there is no need to use any specific 

algorithm to calculate/extract such components. The compensation voltage components, which 

are composed of harmonic and fundamental components, will appear across the terminals of the 

series coupling transformer.  
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The power flow through the UPQC-1Ph-to-3Ph will depend on both the load 

characteristics, such as fundamental power factor and total harmonic distortion (THD) of current, 

as well as the characteristics of the grid, such as the differences between the amplitudes of the 

grid and load voltage (phase “a”), as well as the grid voltage THD. 

3.3 The UPQC includes 3 components  

a. Voltage compensation (Series APF)  

Series Active power filter (APF) is helpful in compensating the voltage, i.e it will calculate the 

voltage error that is present in the grid and how much voltage has to induced in the grid to make 

the voltage sinusoidal with the desired voltage magnitude and frequency.  The supply voltage has 

to be subtracted by reference voltage(Vabc*), it calculates the error in voltage which is then 

compared with error voltage produced in 3 lines and then will proceed to PWM control to 

produce the pulses to minimize the error produced by the difference in calculated error voltage 

and produced error voltage.   

The directions of the instantaneous active power flow “p=1 pu” can be seen in Figure 2, in 

which three different operating situations were considered in steady state, i.e. VsI=0.75VL; 

VsI=VL; and VsI=1.25VL,. In this analysis, the passive elements and the semiconductor losses are 

not considered.  

 

b. Current Compensation (Shunt APF)  

Current compensation will sense the current error present in the grid and how much current has 

to be induced in the grid to make the current sinusoidal with desired current magnitude and 

frequency.  The load current has to be subtracted by reference currents (Iabc*) which will be 

sinusoidal where Id and Iq currents are purified by collecting load currents.  It will calculate the 

error in current which is then compared with the error current produced in 3 lines.  After that it 

will proceed to PWM control to produce the pulses to minimize that error produced by the 

difference in calculated error current and produced error current.   

c. DC capacitor voltage controller  

The DC capacitor voltage has to be maintained at some desired value. The reference value has to 

be subtracted by measured DC voltage and the error has to be minimized to zero by a transfer 

function and the control signal has to be added to Id current. 

4. EXPERIMENTAL RESULTS 

 

The static and dynamic performances of the UPQC-1Ph-to- 3Ph under study were experimentally 

evaluated. Table I presents the parameters of the UPQC-1Ph-to-3Ph. The passive elements of the 

system were designed based on the method presented in [16]. 
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Figure 2. Active Power Flow: (a) VsI=0.75VL; (b) VsI=VL; (c) VsI=1.25VL 
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Table I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once the nominal peak amplitude of grid voltage is equal to 180 V as well as the three-leg split-

capacitor inverter is employed, the amplitude of the dc-bus bus voltage was set at 500 V. 

 

Figure 3 UPQC-1Ph-to-3Ph (Load 1Φ 1) (5 ms/div): (a) Load currents iLa (10 A/div), iLb , iLc and 

iLn (5 A/div); (b) Load voltages vLabc, (50 V/div) and grid current iS (20 A/div); (c) Voltage  

(50 V/div) and current (20 A/div) of the grid; (d) Currents: load iLa (10 A/div),  

grid iS (20 A/div) and parallel converter icpa (20 A/div). 
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The simulation experiments were conducted in MATLAB for understanding purpose.  

Figures 4 (a) (b) (c) and (d) show the MATLAB simulation output. 

 

 
 

(a) (b) 

Figure 4 (a) and (b) – MATLAB simulation input screens 

                           

(c)                                                                        (d)   

Figure 4 (c) and (d) – MATLAB simulation output screens 

 

5. CONCLUSION 

This paper presented the study and the experimental validation of a local three-phase four-wire 

power distribution system.  The system was conceived based on UPQC functionalities focused 
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for applications in rural or remote areas where three-phase distribution grids are not accessible.  

With serial and parallel filtering capability, two inverter topologies were used to compose the 

UPQC-1Ph-to-3Ph. Thereby, the single-phase series converter was deployed using a half-bridge 

inverter while the three-phase parallel converter was implemented using a 3-Leg split capacitor 

inverter.   Using the dual compensation strategy, the proposed system was able of feeding linear 

and non-linear three-phase loads acting with universal active filtering capability, i.e., acting as 

SAPF and PAPF.   In addition, a procedure was presented that allows the dimensioning the 

power structures of the series and parallel converters, under various operating conditions of the 

utility grid and the load. 
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