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                                            ABSTRACT 

In recent times, power quality (PQ) issues such as current and voltage harmonics, voltage 

sag/swell, voltage unbalances have become the important causes for malfunctioning and 

degradation of the quality of power. Poor power quality severely affects on electrical 

equipment and finally results in significant economic losses. Hence, installation of the 

custom power devices to improve the power quality issues becomes an important 

consideration. Therefore, this thesis considers the enhancement of power quality for power 

distribution systems by utilizing unified power quality conditioner (UPQC). An UPQC can 

adequately handle several power quality problems such as load current harmonics, supply 

voltage distortions, voltage sags/swells and voltage unbalance. Therefore, the main focus 

behind this thesis is to develop advanced control strategies that improve the compensation 

capability of the UPQC so that power quality issues of distribution network are efficiently 

improved.  

     Firstly, the current harmonics are considered and are compensated by using the shunt 

active power filter (SAPF). Therefore, two control strategies such as Hysteresis current 

control (HCC) and Sliding Mode Control (SMC) based control algorithms are implemented 

to compensate current harmonics in the power distribution network. Furthermore, both the 

current control techniques utilize the Coulon oscillator based PLL (CO-PLL) for extraction 

of positive sequence signal from the supply voltage and generate the three-phase reference 

currents by employing PI-controller based DC-link voltage regulation. The performances of 

both current control techniques for SAPF are evaluated under different source voltage 

conditions such as balanced, unbalanced and non-sinusoidal.  

       The SAPF effectively compensates currents harmonic, however, it is unable to 

compensate voltage related problems. To overcome this drawback, this thesis considers the 

UPQC, which comprises with shunt APF and series APF, can be utilized to compensate both 

current and voltage related problems.  The research on UPQC is carried out progressively by 

considering different advanced control strategies. Each progress in the research enhances the 

compensation capabilities of the previous UPQC control system. The simulation and real-

time Opal-RT studies are carried out to verify the operating performance of each design 

concept of UPQC. 
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      At first, operating principle and design of UPQC is presented and then a novel control 

algorithm is introduced with the aid of nonlinear DC-link voltage controller such as 

nonlinear variable gain fuzzy (NVGF) controller and nonlinear sliding mode controller 

(NLSMC) with modified synchronous reference frame (SRF) control strategy for 

improvement of both current and voltage compensation performance of the UPQC.  

However, existence of large settling time in dc voltage leads to poor dynamic performance 

of  NVGF control technique and hence current harmonics, voltage distortions and voltage 

disturbance such as voltage sag/swell as well as voltage unbalance compensation capability 

of this technique is not quite effective in comparison to the NLSMC technique. Moreover, 

NLSMC is very sensitive to model mismatch and noise. It is quite sluggish in rejecting long 

drifting grid disturbances. Hence, a suitable control strategy has to be developed in UPQC, 

which has improved DC-link voltage regulation as well as tracking performance through 

load and grid perturbations. 

    To overcome this drawback a resistive optimization technique (ROT) incorporated with 

enhanced phase-locked loop (EPLL) based NVGF hysteresis control strategy and an 

optimum active power (OAP) technique combined with enhanced phase-locked loop (EPLL) 

based fuzzy sliding mode (FSM) pulse-width modulation (PWM) control strategy for UPQC 

have been discussed. ROT-NVGF and OAP-FSMC based UPQC control strategies are 

adaptive as well as robust and able to mitigate the PQ problems satisfactorily during all 

dynamic conditions of power system perturbation. However, performances of these 

controllers are not effective when there is a variation occurring either in the nonlinear load 

parameter or supply voltage parameter. Thus, UPQC may not be able to compensate PQ 

problems satisfactorily.  

      Considering aforesaid problems, this thesis proposes a command generator tracker 

(CGT) based direct adaptive control (DAC) applied to a three-phase three-wire UPQC to 

improve the current and voltage harmonics, sag/swell and voltage unbalance in the power 

system distribution network. CGT is a model reference control law for a linear time-

invariant system with known coefficients and is formulated for the generation of reference 

signal for both shunt and series inverter. The main advantage of the proposed control 

algorithm is that no online extraction is needed to perceive the UPQC parameters. Moreover, 
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the adaptive control law is designed to track a linear reference model to reduce the tracking 

error between model reference output and measured signal to be controlled. Additionally, 

this proposed algorithm adaptively regulates the DC-link capacitor voltage without utilizing 

additional controller circuit. As a result, the proposed algorithm provides more robustness, 

flexibility and adaptability in all operating conditions of the power system network. 

      At last, model reference robust adaptive control (MRRAC) technique is proposed for 

single phase UPQC system. This control strategy is designed with the purpose of achieving 

high stability, high disturbance rejection and high level of harmonics cancellation.  From 

simulation results, it is not only found to be robust against PI-controller, but also satisfactory 

THD results have been achieved in UPQC system. This has motivated to develop a 

prototype experimental set up in the Laboratory using FPGA (Field Programmable Gate 

Array) based NI (National Instruments) cRIO-9014. From both the simulation and 

experimentation, it is observed that the proposed MRRAC approach to design a UPQC 

system is found to be more effective as compared to the conventional PI-controller.  
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Chapter 1 

                                                INTRODUCTION 

1.1 Background 
 

Widespread growth of power electronics based equipment at power distribution level, results 

in deterioration of the quality of electric power supply. High power loads such as arc 

furnace, variable speed driver, fluorescent lamps, microwave ovens, etc. present at industries 

and domestic are producing harmonics [1] in the power system networks. In contrast, the 

equipment initiating the disturbances is itself sensitive to the deviation of the supply voltage 

from its original value. On the other hand, reliability of the power supply also depends on a 

number of external factors such as lightning, large switching loads, nonlinear load stress and 

ground fault. Thus, power quality (PQ) problems [2] may be generated from the power 

distribution system or end user utility devices.  

      It has been reported in [3] that more than 30 % of power itself has been consumed by 

sensitive devices such as personal computer (PC), microprocessor, etc. and this percentage is 

still increasing in day to day. Thus, sensitive devices utilized in the end user environment 

(industrial and domestic) require high level of power quality and reliability systems. In fact, 

these devices require low-voltage direct current and are highly sensitive to short power 

interruptions, voltage surges and sags, harmonics, and other waveform distortions. 

Therefore, durability of these devices depends on the tolerant of the voltage fluctuations in 

the power supply. However, the electric power network is not able to provide the level of 

quality power needed by our computerized assembling sequential construction systems, 

information systems and our home appliances. Most of these equipments are susceptible to 

service interruption during poor power quality events. 

      Different health associations have demonstrated an increased interest in electric fields 

and stray magnetic, conveying rules on the levels of these fields [4]. Subsequently current 

generates magnetic fields; it is conceivable to reduce AC magnetic field by lessening 

harmonic currents existing in the power distribution line. Harmonic contamination on a 

power network line can be computed by a quantity known as total harmonic distortion 
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(THD). High harmonic distortion provides adverse effects on the power distribution system, 

and produces excessive heat in motors, creating early failure. Expanded operating 

temperatures can influence other equipment also, bringing about malfunctions and early 

failure. Furthermore, harmonics on the power network can provoke PC to restart and 

adversely influences other sensitive equipment. 

1.2 Power Quality issues 
 

      Power quality is a term that retains sinusoidal shape of power distribution line voltages 

and currents at rated magnitude and frequency. Subsequently, PQ issues are commonly used 

to express voltage quality and current quality. Additionally, these PQ problems are again 

classified into two main categories: first factor is the steady-state problems such as current 

and voltage harmonics; second factor is the transient problems such as load dynamic 

condition, voltage sag/swell, voltage unbalance and interrupts. Generally, voltage and 

current harmonics are considered as the most severe problems due to the advancement of 

nonlinear load, for example, rectifiers, switching power supplies and adjustable speed motor 

drives in distribution networks. Nonlinear loads cause injection of current harmonics into the 

distribution systems and subsequently degrade the quality of the network‟s voltage. On the 

other hand, voltage quality problem relates to voltage disturbances such as voltage 

sag/swell, voltage unbalance and voltage distortion caused by grid faults, due to which line 

voltage is deviated from its nominal value [5]. 

      Fig.1.1 (a) shows the general power quality problems that may originate from the end-

user power system such as harmonics and voltage disturbances. In addition, a survey [6] 

demonstrated in Fig.1.1 (b) reveals that current and voltage harmonics, voltage sag, voltage 

unbalance and voltage swells are the most general power quality issues intensely influenced 

by equipment operation. The more detailed explanation of these power quality issues will be 

specified in following sub-sections.  

1.2.1 Current and voltage harmonics distortion 

      Harmonics are periodic steady-state signals that produce continuous distortion in the 

current and voltage waveforms and whose frequency differs from the fundamental frequency 

of the sinusoidal signal. Based on the multiplication factor, harmonics are divided into two 

main groups such as characteristics and non-characteristics. 
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                                                                  (a) 

 
                                                               (b) 

 Fig. 1.1. General power quality issues in an electrical system, (a) Schematic diagram, (b) 

Graphical representation.  

Characteristic harmonics usually occur in the electrical system and its frequencies are an 

integral multiple of the fundamental frequency. When a harmonic order is equivalent to a 

non-integral multiple of the fundamental frequency, it is called non-characteristic 

harmonics. These are further sub-divided into sub-harmonics and inter-harmonics. 

      Harmonics whose frequencies are lower than the fundamental frequency are termed as 

sub-harmonics. On the other hand, harmonics whose frequencies are greater than the 

fundamental frequency but not its multiples are called inter-harmonics. The harmonic 

contents of the signals may be examined element by element. However, if the examined 

frequency band is varied, this requires a significant amount of work. The harmonic content 

of a signal may be represented by a single parameter. One method to do this is the 

calculation of the THD index, which is defined as follows:  
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n
n

I

THD
I




                                                                                                                   (1.1) 

where 1I is the rms value of the fundamental current component, 2...... kI I are the rms values 

of the harmonic frequency current components and k is the ordinal number of the highest 

harmonic component. Eq. (1.1) presents the calculation of the current signal THD index; 

subsequently the THD index of the voltage signal can be calculated.  

                           

           Fig.1.2 Schematic diagram of power system with linear and nonlinear load 

 Schematic diagram of power system with nonlinear load is shown in Fig. 1.2. The 

supply voltage SV is connected to the load through the power line. Multiple loads are 

connected to the power line at point of common coupling (PCC). As shown, L1 and L3 

are linear loads, and L2 is nonlinear load. Consequently, L2 draws distorted current from 

the supply, which contains harmonics current hi as well as fundamental current 1i . 

Therefore, the supply current si will be, 

1 1 3s L L hi i i i i                                                                                                            (1.2) 

where 1Li and 3Li are current of load L1 and L3 respectively.  

      The cause of harmonics is the non-linearity of devices and loads that produce current 

harmonics. These devices are adjustable speed drives (ASD), AC/DC power supplies in 

domestic, industrial and commercial sector; switch-mode power supply (SMPS), 
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electronic ballast for discharge lamps. Harmonics produced by nonlinear loads have 

several destructive effects on network modules such as 

 Producing voltage distortions at PCC that adversely affect other sensitive loads. 

 Increasing power loss, resonances, saturation, winding vibration and decreasing 

life period of transformers. 

 Operational difficulties on circuit breakers, protection relays, and fuses. 

 Considerable increase of reactive power and heat on the capacitor. 

 Production of pulsating and oscillating torques in turbines and generators. 

 Errors in the energy meters and other measurement devices. 

 Interferences in communication circuit and others electromagnetic interference 

EMI-related problems. 

 

1.2.2 Voltage Sags 

      One of the power quality issues in the power systems is the supply voltage sags [7]. 

Voltage sag is characterized as a reduction in the rms voltage value between 0.1 and 0.9 

per unit (p.u.) at the power frequency, for a span of half cycle to few second as shown in 

Fig.1.3 (a). Lightning, tree branch or animal contact, and insulation failures or human 

activity can create single-line-to-ground (SLG) or line-to-line fault. The relatively few 

customers near the fault will see a deep voltage sag. The magnitude of voltage sag is 

determined by the customer‟s distance to the fault location. This presence of voltage sags 

in the electrical system is a major issue since they may produce high financial losses. 

Subsequently, the resistance of every device against voltage sag depends on the span of 

the voltage sag and magnitude of the voltage during sag. Generally, the adverse effects 

produced by the voltage sags are, 

 Tripping and resetting the domestic appliances and consumer electronic products. 

 Restarting and shutting down of computerised controlled process industry. 

 Speed and torque variation in the motor. 

 Tripping of adjustable speed drives during function of voltage protection circuit. 

 Flickering of light. 
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                                    (a)                                                             (b) 

               Fig.1.3 Supply voltage sag and swell, (a) Voltage sag, (b) Voltage swell. 

1.2.3 Supply voltage swell 

      A voltage swell is an increase of the supply voltage usually between 1.1 and 1.8 p.u. in 

rms voltage for duration from 0.5 cycles to 1 min as shown in Fig. 1.3(b). Voltage swells are 

almost always caused by an abrupt reduction in load on a circuit with a poor or damaged 

voltage regulator, although they can also be caused by a damaged or loose neutral 

connection. Voltage swells can adversely affect the performance of sensitive electronics 

equipment such as  

 Equipment damage and reduction of equipment life 

  Data errors in computer 

 Shut down of equipment 

 Degradation of power protection equipment 

1.2.4 Voltage unbalance 

      A standard three phase supply consists of three phase signals of equal magnitude with a 

phase shift by 120
0
.  Any variation of magnitude and phase of one of the three signals will 

produce a zero phase sequence component and a negative phase sequence component. The 

expression of voltage unbalance factor (VUF) is defined as the ratio of the negative or zero 

sequence components to the positive-sequence component as follows. 

Maximumdeviation fromaverage voltage
%VUF 100%

average voltage
   

      Main reason behind the voltage unbalance is the irregular distribution of single-phase 

loads that can be consistently shifted over a three-phase power system. Some other reasons 

behind the power system voltage unbalance is the unequal transformer winding impedance, 
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open delta, and open wye transformer banks and voltage sags produced by grid faults in the 

power system. Unfavourable impacts of unbalanced voltages can be enumerated as follows: 

 Motor efficiency can be decreased. 

 Excessive heat on motor can cause early failure of motor. 

 Small unbalance in the phase voltage can produce large unbalanced current. 

 Rising current on one of the three-phases can provide a wrong operation to the 

protection circuit. 

1.3 Solution to the Power Quality issue 

      Various power quality issues have been discussed in previous section. It can be assured 

that if no action is taken to compensate the above power quality issues, they will have great 

impact and effects in power distribution systems. However, PQ issues can be improved by 

utilizing active power filters and custom power devices (CPDs). Most common CPDs utilize 

shunt compensator or shunt active power filters (SAPF) [8-9], series compensator or 

dynamic voltage restorers (DVR) [10] and combination of these two (i.e., unified power 

quality conditioners (UPQC)) [11]. These CPDs are the viable choice for power quality 

improvement, as these equipments eliminate all the drawbacks of passive power filter and 

also provide adequate power quality solutions. Table 1.1 illustrates the typical power quality 

issues and their solution using CPDs. 

1.3.1 Shunt compensator 

      Shunt compensator or SAPF are commonly connected across the load to compensate all 

current related problems such as current harmonics, reactive power compensation, load 

balancing and flicker reduction. It acts like a current source and injects compensating 

current at PCC to eliminate all current harmonics and make the source current sinusoidal 

and in-phase with the source voltage. 

      While developing shunt compensator [12] two types of converters can be used, these are 

voltage source inverter (VSI) and current source inverter (CSI). Fig.1.4 (a) depicts VSI 

based shunt compensator. It has a self-supporting dc bus capacitor. It has become more 

dominant since it is cheaper, lighter, and expandable to multilevel and multistep versions, to 

enhance the performance with lower switching frequencies. It is more popular in UPS based 

applications, because, in the presence of mains, the same inverter bridge can be used as a 

shunt compensator to eliminate harmonics of critical non-linear loads. The other converter 
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                          Table 1.1 Solution of power quality issues with CPD 

Custom power device 

Topologies 

Power Quality Issues 

Caused by Load Caused by Power supply 

Shunt Compensator Harmonic filtering 

Reactive power compensation 

Load balancing 

Flicker reduction 

 

Series Compensator  Voltage sag/swell compensation 

Voltage distortion compensation 

Supply voltage unbalance 

compensation 

 

UPQC Harmonic filtering 

Reactive power compensation 

Load balancing 

Flicker reduction 

Voltage sag/swell compensation 

Voltage distortion compensation 

Supply voltage unbalance 

compensation 

 

 

             
   (a)                                                        (b) 

Fig.1.4 Shunt-connected power quality compensator, (a) Voltage Source Inverter, (b)  

            Current Source Inverter.   

used as a shunt compensator is a current-fed pulse width modulation (PWM) [13] inverter 

structure, as shown in Fig. 1.4 (b). It behaves as a non-sinusoidal current source to meet the 

harmonic current requirement of the non-linear load. A diode is used in series with the IGBT 

[14] for reverse voltage blocking. However, GTO-based configurations do not need the 

series diode, but they have restricted frequency of switching. They are considered 

sufficiently reliable, but have higher losses and require higher values of parallel ac power 
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capacitors. Moreover, they cannot be used in multilevel or multistep modes to improve 

performance in higher ratings. 

1.3.2 Series compensator 

       Fig.1.5 shows the PWM converter connected in series with power line through series 

injection transformers. The series compensator or so-called DVR acts like a part of a 

controllable voltage source. This structure is most suitable for protecting load sensitive to 

supply voltage sag, swell, voltage distortion, and voltage unbalance [15].  

                                    

Fig.1.5 Series-connected power quality compensator 

      The power rating of series compensator is only a fraction of that of the load and the 

control response is in the order of millisecond, therefore guaranteeing a safe voltage supply 

under transient power network condition [16]. It has been utilized to reduce the negative-

sequence voltage and voltage distortion present on the three-phase power line. In case of 

supply voltage fault, the series compensator is capable of feeding a certain amount of active 

power to the power line by extracting active power from dc-link capacitor and 

simultaneously, the shunt compensator takes the active power from the power line to 

regulate the dc-link voltage.  

1.3.3 Unified power quality conditioner (UPQC) 

      Fig. 1.6 (a) shows the block diagram of UPQC, consisting of two voltage source 

compensators (series and shunt compensator) that are connected back to back through one 

common DC-link capacitor (CDC). Series compensator is connected through transformers 

between the input supply voltage and the PCC. Shunt compensator is connected in parallel 

with common connection point through an interfacing inductor. The series compensator 

operates as a voltage source, while the shunt compensator operates as a current source.  
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                              (a)                            (b) 

 

       
                              (c)                            (d) 

 

        
                              (e)                             (f) 

 
                               (g)                        (h) 

 

Fig.1.6 UPQC system topologies, (a) General block diagram representation of UPQC, (b) 

CSI-based UPQC topology, (c) UPQC-MC system topology, (d) UPQC-DG system 

topology, (e) 1P2W UPQC system topology, (f) 3P3W UPQC system topology, (g) 3P4W 

UPQC system topology, (h) UPQC-L system topology. 
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       The main objective of the series converter is to mitigate voltage sag and swell and 

voltage distortion originating from the supply. The ac-filter (LC filter) are connected in each 

phase to prevent the flow of harmonic current generated due to switching [17]. The 

transformers connected at the output of each H-bridge inverter provide isolation between the 

series converter and power line and also prevents the DC capacitor from being shorted due 

to the operation of various switches [18]. The power circuit of shunt compensator consists of 

a three phase voltage source PWM converter that is supplied from dcC . Shunt compensator is 

directly connected through a coupling inductor shL , which provides isolation between the 

shunt converter and power line. The objectives of the shunt compensator are to regulate the 

DC link voltage of both compensators and to suppress the load current harmonics.  

      The dc-link capacitor ( dcC ) provides the common DC-link voltage of the series and 

shunt compensator. Ideally once charged, the DC-link voltage dcV should not fall off its 

charge, but due to finite switching losses of the inverter-inductor and capacitor, some power 

is consumed and the charge of the DC-link voltage needs to be maintained in a closed-loop 

control, through the shunt compensator [19]. The switching devices used in both series and 

shunt compensator are IGBTs with anti-parallel diodes. As UPQC is used to tackle both 

current and voltage related problems, based upon physical structure and voltage 

compensation approach it is classified into different categories as follows. 

 Type of energy storage device used. 

 Number of phases used. 

 Physical location of shunt and series inverter. 

     According to the energy storage device, the UPQC is classified as 

 Current Source Inverter (CSI) based UPQC. 

 Multiconverter based MC-UPQC. 

 Distributed generator based DG-UPQC. 

     The UPQC is also constructed using a PWM-CSI [20] that shares the common DC-link 

energy storage in inductor dcL . A voltage blocking diode is coupled in series with IGBT to 

realize this topology. Fig.1.6 (b) illustrates single-line demonstration of a CSI-based UPQC 

system structure. The dc current in the inductor is controlled in such a way that the average 
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input power is equivalent to the average output power in addition to the power losses in the 

UPQC. The CSI-based UPQC topology is not so popular because of its cost and higher 

losses. 

      The performance of UPQC can be improved by considering supplementary third 

converter unit to support the dc-link capacitor voltage [21] as shown in Fig.1.6 (c). To 

further enhance the system performance, the use of storage battery or super capacitor can be 

used. The third converter can be connected in different ways, for example, in parallel with 

the same feeder or in series/parallel with the adjacent feeder. Based on the literature [22] this 

topology is called multiconverter UPQC (MC-UPQC). 

       The UPQC can be combined with one or numerous distributed generation (DG) such as 

solar and wind energy systems [23].Thus, the system structure can be referred as UPQC-DG 

[24] and is demonstrated in Fig.1.6 (d). As presented in figure, the output of DG 

arrangement is connected to dc-link capacitor of the UPQC. The DG power can be regulated 

and managed through UPQC to supply to the loads associated with the PCC in addition to 

the voltage and current power quality problem compensation. Moreover, a battery can be 

attached to the dc-link, such that the additional DG power can be stored and utilized as a 

backup. 

      Fig.1.6 (e) illustrates the UPQC system topology of single-phase two-wire (1P2W) 

supply structure comprising of two H-bridge inverter [25]. This topology is one of the most 

popular UPQC system configurations to compensate the power quality problems in the 

single phase system. A three-phase three-wire (3P3W) VSI-based UPQC system topology is 

shown in Fig.1.6 (f). It is the most widely studied UPQC [26] because several nonlinear 

loads are fed from the 3P3W system. Apart from the three-phase loads, numerous industrial 

plants frequently comprise of combined loads, for example, selection of single-phase loads 

and three phase loads, supplied by the source. The existence of fourth wire, the neutral 

conductor, causes an unnecessary neutral current flow and thus, it demands a supplementary 

compensation requirement. Fig.1.6 (g) depicts the three-phase four-wire (3P4W) system 

configuration [27]. This topology comprises of two split capacitors on the dc side. The 

midpoint of the capacitor is utilized as a connection point for the neutral line.  
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     All of the above UPQC represent so far is called UPQC-R system topology however 

Fig.1.6 (h) illustrates UPQC-L topology. Among two topologies, the UPQC-R [28] is the 

most usually used, whereas UPQC-L topology is sometimes utilized for exceptional cases 

such as, to avoid the interface between the shunt and passive filter. 

1.4 Literature Review 

1.4.1 Related Work on Shunt Active Power Filter 

       To acquire effective SAPF performance, it is significant to select both an appropriate 

current reference method and a suitable current control approach. As far as control is 

concerned, two loops can be identified. The first is utilized to compute the current reference 

injected by the filter and the second one should guarantee that the filter follow that reference 

adequately. Several control strategies have been reported in the literature for improving 

performance of SAPF and these are described below. 

      The instantaneous p-q method has been proposed in [29] for performance improvement 

of SAPF under unbalanced supply voltage condition, however, performance under balanced 

and sinusoidal conditions is satisfactory. A hysteresis-band PWM current controller is 

employed for generation of switching pulses and proportional integrator (PI) controller 

supervises the dc capacitor voltages. The resulting source currents are found to be 

sinusoidal, but voltage regulation performance is not satisfactory. A simple modification is 

proposed in [30] to develop a generalized p-q theory in active power filtering under the 

condition of distorted supply condition. The addition of phase-locked loop (PLL) with p-q 

approach helps in eliminating the adverse effect of the distorted supply voltage. The 

reference current signal is generated with help of direct and indirect current control 

technique and hysteresis current controller is used as a PWM generator. The SAPF system 

maintains a self-supporting DC bus voltage and it functions as a reactive power and 

harmonic compensator.  

       Yuan and Merk [31] reported a PI current controller using stationary-frame generalized 

integrators for current control of APFs. The instantaneous p-q theory is used for reference 

current generation and the sequence filter based on the positive sequence ideal integrator 

resolves the problems of the p-q theory under distorted or unbalanced PCC voltage 
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conditions. Extensive test results from a 10-kW prototype are demonstrated and the utility 

current is observed to be sinusoidal under both balanced and unbalanced loading conditions. 

      Synchronous-reference frame (SRF) method is proposed in [32] along with three 

independent two-level hysteresis comparators operating on a 3-phase VSC. Reference 

currents are derived directly from the load currents without considering the source voltages. 

Experimental results from a 2-kVA IGBT prototype showing the transient and steady-state 

system performance are presented, where the proposed method allows the operation of the 

SAPF in a large frequency range covering both 50 Hz and 60 Hz three-phase distribution 

systems and presents better harmonic compensation performance as compared to p-q based 

SAPF.  

      A fuzzy logic controller for a three level SAPF based on the p–q theory to identify 

reference currents have been implemented in [33]. The fuzzy logic control algorithm is 

proposed for harmonic current and inverter dc voltage regulation to improve the 

performance of the SAPF. The proposed SAPF has generated a sinusoidal supply current of 

low harmonic distortion of 0.9% and is in phase with the line voltage as obtained from 

simulation results. Tey and Chu [34] proposed artificial neural network (ANN) technique to 

design SAPF system. ANN algorithm computes harmonic contents and reactive power for 

the nonlinear load and these two signals are used for calculating the reference signal for the 

hysteresis control of a three phase IGBT based VSI.  

      Shyu proposed model reference adaptive control (MRAC) design for SAPF, in [35], to 

improve line power factor and to reduce the line current harmonics. The MRAC approach 

improves many failures of the fixed gain PI controller, such as undesirable undershoots and 

overshoots at the transient and non-robustness when changing loads. The proposed MRAC 

adaptive law is designed using Lyapunov‟s stability theory and Barbalat‟s lemma. It 

guarantees asymptotic output tracking. Furthermore, a prototype system was built to show 

effectiveness and to verify the performance of the system. An integration of predictive and 

adaptive ANN-based controller for SAPF has been presented in [36] to improve the 

convergence and reduce the computational requirement. An adaptive control strategy for 

SAPF for compensation of harmonic distortion, reactive power, and unbalanced load is 

proposed in [37]. In the proposed study, the amplitude of SAPF reference current is 
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generated by the dc-link voltage controller, based on the active power balance of the system. 

The current controller is implemented by an adaptive pole-placement control strategy 

integrated into a variable structure control scheme (VS-APPC) in which it introduced the 

internal model principle (IMP) of reference currents for achieving the zero steady-state 

tracking error. 

      A robust control strategy is implemented in [38] to regulate the dc-link voltage by 

combining a standard PI controller and sliding mode controller (SMC), which helps in 

generation of the reference current in SAPF. The SMC scheme continuously determines the 

gains of the PI controller based on the control loop error and its derivative. The chattering 

due to the SMC scheme is reduced by a transition rule that fixes the controller gains when 

steady state condition is reached. 

1.4.2 Literature Review of Unified Power Quality Conditioner (UPQC) 

      In [39], the first UPQC structure was presented in 1998 by Fujita. The research on 

UPQC was mainly focused with two key groups: power circuits and control methods. The 

power circuit of the UPQC is based on physical structure, supply system, and applications 

[40]. In this thesis, we only emphasis on the operation and control of the UPQC in three-

phase three-wire and single-phase system. Thus, the usual three-phase and single-phase 

VSIs are implemented for the shunt and series converter in the UPQC system. In contrast, 

control method takes a more imperative part in the performance of a UPQC. This section 

demonstrates a review on the control system developed in earlier UPQC system. 

      The control approach plays an important role in accomplishing good compensation 

performance of UPQC. Subsequently, UPQC consists of two separate converters, i.e., the 

shunt converter and the series converter, where each converter plays a different control 

objective. Hence, two separate control schemes should be established for these two 

converters.  

 Shunt converter control: DC-link voltage regulation, current reference generation, and 

PWM signals generation for current harmonics compensation. 

 Series converter control: Voltage sag/swell detection, voltage reference generation, and 

PWM signals generation for voltage compensation. 
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      Numerous control methods have been employed to keep the DC-link voltage at a 

constant level. During the system dynamic conditions, such as, voltage sag/swell, sudden 

load change etc., the DC-link feedback controller must be executed instantly to stabilize the 

DC-link voltage to its reference value with a minimum time delay as well as lower 

overshoot .The complete power balance of UPQC operation is preserved by using DC-link 

capacitor voltage [41]. DC-link voltage regulation can be achieved by the conventional DC-

link voltage feedback or PI control [42], fuzzy-logic controller [43], composite control [44], 

DC-link coupled to the battery energy storage system [45]. Super capacitor topology [46] 

and photovoltaic based dc-capacitor voltage regulation [47] are presented in UPQC. An 

adaptive DC-link voltage controller for UPQC is proposed in [48], which limits the DC-link 

voltage deviations during transients and assures negligible steady-state error. A reduced dc-

link voltage without compromising its compensation capability is proposed in [49]. This 

topology also helps to match the dc-link voltage requirement of shunt and series inverter of 

UPQC. In [50], a linear quadratic regulator (LQR)-based self-charging circuit is proposed to 

regulate the dc-link voltage of the UPQC. In this technique, UPQC operates without relying 

on an external dc source.  

      A fast detection of grid perturbation with high accuracy and perfect generation of the 

reference signal are the key issues for good compensation of the PQ problems. Thus, the 

detection of grid perturbation such as sag/swell by monitoring 
2 2

d qV V or dV  is the 

easiest method for voltage sag detection [51]. The other voltage sag detection methods are 

root mean square method [52], synchronous frame (d−q) detection method [53], and peak 

sequence analysis [54].  

      In addition to the voltage sag/swell and dc-link voltage detections, voltage, and current   

reference extraction control method also plays a significant role in the UPQC control 

technique. There are several reference extraction methods available in the literature, two 

most popular methods for UPQC are, three-phase p − q theory [55] or instantaneous 

active/reactive power theory and three-phase d − q theory [56] or synchronous reference 

frame technique. These approaches transfer the current and voltage signals from three-phase 

(a − b – c) frame to stationary reference frame (p − q theory) or synchronously rotating 

frame (d − q theory) for separating the harmonic and fundamental quantities present in the 
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signal. Instantaneous active and reactive powers are computed in p − q theory, whereas, the 

d − q theory contracts current independent to the supply voltage. The important mechanisms 

of these theories are that the real and reactive powers are converted to fundamental 

components, whereas distorted current or voltage is converted into dc-quantities. These 

quantities are extracted easily by utilizing a low-pass filter (LPF). Because of the dc signal 

extraction, signals filtering in the (α – β) reference frame is insensitive to several phase shift 

errors presented by LPF. Due to the cut-off frequency of these HPF or LPF, dynamic 

performance of UPQC can be affected.  

      Unit vector template generation (UVTG) technique for reference extraction is given in 

[57]. In this technique phase-locked loop (PLL) is utilized for generation of unit vector 

templates for single-phase and three-phase systems. On the other hand, a finite impulse 

response filter method for extraction of reference signal during current and voltage 

perturbation is given in [58]. Ghosh and Jindal [59] have described a pole shift control 

technique for UPQC. In this technique, the closed-loop poles are selected by radially shifting 

the open-loop poles towards the origin. 

      Kesler et al.[60] proposed SRF based control strategy for the UPQC system. It is 

optimized without using transformer voltage, load, and filter current measurement, so that 

numbers of the current measurements are reduced and system performance is enhanced. 

Artificial Neural- network (ANN) based control technique is proposed in [61], in this 

technique the ANN is trained offline using data from the conventional PI controller. The 

online wavelet transformation-based reference signal extraction technique for UPQC is 

proposed in [62]. The basic approach used in this algorithm is to extract the fundamental 

component of load current and supply voltage by using wavelet-transform decomposition. 

Rong et al. [63] proposed an adaptive harmonic detection to exactly detect the voltage with 

multiple zero crossings.  

      There are numerous control methods existing in the literature, which are effectively 

applied to UPQC systems for current and voltage regulation. The H∞-based model is 

employed to control the tracking behaviour of the inverter output waveforms for an effective 

and robust performance of UPQC [64]. Kamran and Habetler [65] have introduced a control 

technique based on deadbeat control in which the UPQC inverter combination is treated as a 
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single unit. The use of Particle swarm optimization-based feedback technique has also been 

utilized to develop the controller for UPQC in [66]. This feedback controller has optimal 

performance in various operating condition and is robust to parametric uncertainties. 

Additionally, an ANN method can also be used for the multi-input multi-output control 

system effectively. Therefore, this technique can be utilized to develop the controller for the 

UPQC to compensate different voltage and/or current related problem [67]. Kwan and Lam 

[68] have presented an output regulation-based controller (ORC) with Kalman filter for 

optimum operation of the UPQC. The ORC is used to generate a control signal for the 

converters of UPQC in a coordinate manner and also provides periodic reference tracking. A 

new optimal control strategy for UPQC is presented in [69]. This strategy is based on 

feedback linearization control applied to both the converters of UPQC and control law 

includes a feedback compensator of the load current and network voltage variation.  

      Various PWM control techniques for inner current control loops within the inverter are 

proposed for UPQC systems, where the most popular and widely used PWM technique is 

the hysteresis control [70]. Hysteresis control is relatively simple and easy to implement. 

However, the inherent variation of switching frequency of the hysteresis control causes poor 

control performance of the UPQC. A novel adaptive hysteresis band current and voltage 

controller for UPQC are studied in [71] with the aim to have robust control of the output 

voltage of the series inverter and output current of the shunt inverter. The adaptive hysteresis 

current and voltage controller changes the hysteresis bandwidth according to modulation 

frequency, supply voltage, dc-link capacitor voltage and slope of the reference compensating 

current and voltage. However, this adaptive-hysteresis current-voltage controller produces 

some switching power losses due to high frequency, which is solved by adaptive-fuzzy-

hysteresis current controller. F. Mekri [72] used fuzzy hysteresis band current and voltage 

control methods for UPQC, where the band is modulated by the system parameters to 

maintain the modulation frequency nearly constant. Different current and voltage 

modulation techniques for VSI are evaluated in [73]. Periodical-sampling controller, 

triangular-carrier controller, and hysteresis controller are utilized for PWM signal 

generation. The triangular-carrier controller provides best compensation technique and 

eliminates all PQ problems effectively. A model predictive control (MPC) has taken into 

account to generate the PWM signal for UPQC, which is proposed by Zhang et al. [74]. This 
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MPC technique can handle multivariable control problem and has comparatively simple 

online computations. A sliding mode PWM controller with constant frequency technique is 

utilized to control the series converter of UPQC in [75]. Authors in [76] suggest a novel 

space-vector-modulation (SVM)-based hysteresis controller. This method employs all 

benefits of the hysteresis controller and SVM method. The controller defines a set of space 

vectors from a region detector and a space vector chosen by main hysteresis controller is 

applied.  

      A review on UPQC summarizes that the control performance of UPQC strongly depends 

on the dc-link voltage control method, PWM technique as well as the voltage and current 

control methods. Regardless of rigorous study and development of control techniques for 

UPQC, the complex nature of the control methodology is the real challenge to accomplish a 

good performance of the UPQC. Furthermore, numerous control methods, which require a 

large number of current and voltage sensors and on-line parameter extraction techniques that 

give rise to difficulty in the implementation of UPQC. Hence, to overcome these problems, 

this thesis emphasizes on improving the control performance of the UPQC to adequately 

handle various power quality problems with advanced control strategies and simpler 

implementation methods.  

1.5 Motivation for this research 

      Present civilization depends intensely on power. For example, people want the power to 

run office equipment, household appliances, manufacturing process, and electronic devices 

for day-to-day works and activities. Consequently, power has turned into an essential service 

and the nature of power directly affects the operation of electrical equipment. Hence, power 

quality issues of distribution systems have become an extra consideration by end users in 

last decades. Power quality issues can be characterized into two fundamental classes: the 

first is steady-state issues, for example, current and voltage harmonics, the second is 

transient issues, for example, voltage sag/swell, voltage disturbances, and interrupts. 

Generally, current and voltage harmonics are considered as the most serious issues because 

of the intensive growth of nonlinear loads, for example, adjustable speed motor drives, 

switching power supplies, and rectifiers in the power system. Nonlinear loads can produce 

current harmonics in the distribution network and consequently reduce the quality of voltage 
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in the power system. Furthermore, voltage disturbances, for example, voltage unbalance, 

and voltage sags/swells produced due to grid faults are additionally considered as costly 

power quality issues. These disturbances frequently malfunction in the electronic-based 

equipment that creates huge economic losses because of production loss and materials 

damage. Because of severe effects of poor power quality, enhancement of power quality in 

the power distribution network has turned into a mandatory requirement.  

      PQ can be enhanced by utilizing the CPD and power filters. Normal CPD can be 

considered as SAPF, dynamic voltage restorers (DVR), and UPQC. The SAPF are 

essentially used to alleviate current harmonics and reactive power created by nonlinear load, 

whereas the DVR is a series coupled voltage compensating device that protects sensitive 

loads from voltage sag/swell, voltage distortion, and voltage unbalance existing in the 

supply voltage. These compensating devices are viable solutions for PQ issues, however, 

they are separately used to manage either current related or voltage related power quality 

issues.  

      In the current scenario, UPQC has been familiarized as an innovative and powerful 

compensating device to simultaneously manage current and voltage related issues. The 

UPQC is an arrangement of a shunt compensator and a series compensator connected in 

back-to-back through a common DC-link capacitor. A UPQC can successfully compensate 

the numerous power quality problems, for example, voltage and current harmonics, voltage 

unbalance, and voltage sag/swell to protect sensitive loads and enhance the power quality in 

the power distribution network. The usage of the UPQC to enhance power quality in the 

power distribution network has been considerably increased over a last two decades and 

various studies on control of UPQC have been accomplished. This thesis emphasizes on 

developing advanced control strategies to increase the compensation capability of the UPQC 

so that the UPQC can successfully eliminate numerous power quality issues. 

1.6 Objectives of the Thesis 

      From aforementioned research motivations, this thesis develops advanced control 

techniques for the UPQC to effectively manage different power quality issues, for example, 

voltage and current harmonics, voltage unbalance, and voltage sag/swell. The ultimate 

control objective is to preserve the supply current and load voltage as sinusoidal and 
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balanced in spite of the utilization of nonlinear load at the load side and disturbances in the 

supply voltage. The THD values of supply current and load voltage after compensation must 

be decreased to below 5 % to follow the IEEE 519-1992 standard. In order to achieve these 

targets, advanced control strategies are developed for both the shunt compensator and series 

compensator of the UPQC. Keeping above facts into consideration, the objectives of the 

thesis can be defined as follows. 

 To implement a PWM-current control technique for voltage source inverter based 

shunt active power, which offers satisfactory current regulation, high efficiency, and 

fast transient response. 

 To propose a nonlinear dc-link voltage control technique in terms of accuracy and 

fast convergence time for dc-link voltage regulation during grid perturbations such as 

voltage distortion, voltage sag/swell, harmonics, and voltage unbalance. 

 To propose new SRF based control approaches for improving the dynamic 

performance of UPQC system. 

 To develop reference signal generation scheme that can self-regulate the dc-link 

voltage of UPQC. 

 To develop an advanced PWM-current and voltage controller strategy for generating 

the switching pulse to drive the shunt and series converter of UPQC.   

 To propose high performance control technique in UPQC, which is not only robust 

against parametric variations of supply voltage and load, but also reduces the current 

and voltage tracking error to zero. 

 To effectively compensate voltage sag/swell, supply voltage distortion, voltage 

unbalance and also the current harmonics in the power system distribution network. 

 To simulate the proposed control techniques in MATLAB/Simulink and real-time 

simulation model in Opal-RT simulator. 

 To develop a single-phase prototype experimental set up to verify the robustness of 

the proposed model reference adaptive control techniques in UPQC system. 

1.7 Organization of the Thesis 

There are seven chapters in this thesis that are organized as follows. 
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     CHAPTER 1 introduces power quality issues with typical solutions to deal with these 

problems. In addition, different reference current generation approaches as well as current 

controller techniques employed in SAPF are reviewed. Further an extensive review on 

several control strategies of UPQC has been provided. Finally, the research motivation and 

objectives are outlined. 

      CHAPTER 2 describes the system configuration of shunt active Power filter (SAPF), 

characteristics of harmonics as well as compensation principle and the filter design with two 

current control techniques called Hysteresis current control (HCC) and sliding mode control 

(SMC). Both current control techniques utilized Coulon oscillator based PLL (CO-PLL) for 

extraction of positive sequence signal from the supply voltage and generates the three-phase 

reference currents considering PI-controller based DC-link voltage regulation. Performance 

of both current control methods of SAPF are evaluated under ideal, unbalanced and distorted 

supply voltage conditions. Both CO-PLL based HCC and SMC approaches are analysed and 

validated through MATLAB/SIMULINK followed by an experimental setup accomplished 

with real-time-hardware-in the loop (HIL) system, which comprises of OPAL-RT simulator. 

     CHAPTER 3 presents a novel nonlinear dc-link voltage controller with modified SRF 

based control philosophy for UPQC. At first, design of a nonlinear variable gain fuzzy-

controller (NVGFC) with modified phase-locked loop (MPLL) based SRF control strategy is 

proposed for three-phase, three-wire UPQC system. Then, a non-linear sliding mode control 

(NLSMC) and a novel SRF control technique have been proposed for rapid extraction of 

reference signal with a new switching dynamics control strategy for UPQC to improve the 

PQ problem in power system distribution network. These proposed control strategies of 

UPQC are validated through MATLAB/SIMULINK as well as real-time HIL based OPAL-

RT system and adequate results are reported after a comparative assessment with the 

conventional techniques. 

    CHAPTER 4 proposes optimization based reference extraction methods with novel 

PWM current and voltage control techniques for UPQC. Firstly, a resistive optimization 

technique (ROT) incorporated with enhanced phase-locked loop (EPLL) based nonlinear 

variable gain fuzzy (NVGF) hysteresis PWM control strategy for UPQC is implemented. 

Secondly, an optimum active power (OAP) technique combined with EPLL based fuzzy 

sliding mode (FSM) PWM control strategy for three-phase, three-wire UPQC system is 
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proposed. These proposed control strategies of UPQC are validated through simulation as 

well as real-time HIL based OPAL-RT system and adequate results are reported after a 

comparative assessment with the control structure described in chapter 3. 

     CHAPTER 5 proposes a high performance UPQC using command generator tracker 

(CGT) based direct adaptive control (DAC) strategy for improving the power quality in the 

three-phase three-wire power system distribution network. A CGT is a model reference 

control law for a linear time-invariant system with known coefficients and it is formulated 

for the generation of the reference signal for both shunt and series compensator. 

Additionally, the adaptive control law is designed to track a linear reference model to reduce 

the tracking error between model reference output and measured signal to be controlled. The 

proposed control strategy of UPQC is validated through simulation followed by an 

experimental setup accomplished with real-time-hardware-in the loop (HIL) based OPAL-

RT system and satisfactory results are reported after a comparative assessment with the 

control structures discussed in chapter 4. 

    CHAPTER 6 focuses on the development of a single-phase experimental prototype set-

up for UPQC system and verification with the novel model reference robust adaptive control 

algorithm. This proposed algorithm is developed in LABVIEW and configured in FPGA- 

based NI-cRIO-9014 device for generating the required switching signal. This FPGA is 

interfaced with the prototype set-up and host computer. This chapter provides the design of 

various modules of this prototype set-up such as a dc-link capacitor, shunt interfacing 

inductor, series low-pass LC filter, and voltage as well as current sensor circuit. 

Additionally, the development of sag/swell generation circuit, signal conditioning circuit, 

blanking circuit and photo-coupler driver circuit are provided in this chapter. 

    CHAPTER 7 describes the concluding explanations and suggestions for some future 

research problems as extensions of the work. 
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Chapter 2 

    Shunt Active Power Filter (SAPF) Design and Control  

2.1 Introduction 

In this chapter, current harmonic compensation due to the nonlinear load employing shunt 

active power filter (SAPF) has been focused. Generally, SAPF is utilized for current 

harmonics compensation by injecting equal-but-opposite harmonic compensating currents at 

the point of common coupling (PCC). For this situation, the SAPF works as a current source 

injection, and it injects the harmonic components produced by the load but phase shifted by 

180° [77]. This principle is appropriate for any kind of load considered as a harmonic 

source. Additionally, with a suitable control technique, the SAPF would be able to 

compensate load power factor. Therefore, the source current remains sinusoidal and in phase 

with the supply voltage. The current compensation capability of the SAPF is shown in 

Figure 2.1 [78]. Fig. 2.1(a) displays the block diagram of SAPF and Fig. 2.1(b) represents 

the waveforms characteristics of source current with and without SAPF. The general 

structure of the SAPF usually comprises a voltage source inverter with a DC-link capacitor, 

interfacing inductor, in addition to the associated control circuit.  

    

 

  

 

 

 

 

         

       

       

Fig.2.1 (a) Block diagram of shunt APF system, (b) Waveforms characteristic of SAPF 
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      The compensation capability of SAPF is an important criterion. For perfect 

compensation, the controller must be capable of achieving the following requirements: i) 

extract and inject load harmonic currents, ii) maintain a constant dc link voltage, iii) avoid 

absorbing or generating the reactive power with fundamental frequency components. In 

order to keep satisfactory operation of the active filter [79], the peak value of the reference 

source current must be adjusted according to the real power drawn by the load from the 

supply side.  This real power absorbed/released by the capacitor compensates the real power 

difference between the power consumed by the load and the power supplied from the source 

[80]. If the DC capacitor voltage is recovered and attains the reference voltage, the real 

power provided by the source is supposed to be equal to that consumed by the load again.  

      In this Chapter, the two control strategies such as Hysteresis current control (HCC) and 

Sliding Mode Control (SMC) based control algorithms are implemented to compensate 

current harmonics and reactive power in the power distribution network. Furthermore, both 

the current control techniques utilize the Coulon oscillator based PLL (CO-PLL) for 

extraction of positive sequence signal from the supply voltage and generate the three-phase 

reference currents by employing PI controller based DC-link voltage regulation. The 

performances of both current control techniques for SAPF are evaluated under different 

source voltage conditions such as balanced, unbalanced and non-sinusoidal. The 

performance comparison has been evaluated in terms of harmonic mitigation and DC-link 

voltage regulation. The complete simulation results utilizing MATLAB/SIMULINK 

software are presented to support the feasibility of proposed control techniques. To validate 

the control methodology, the system is employed with real-time hardware-in-the-loop (HIL) 

based OPAL-RT system, and adequate results are reported. 

2.2 Design of the shunt APF system 

      Fig. 2.2 shows the three-phase three-wire SAPF and its interconnection to the power line 

through the interfacing inductor. However, numerous techniques are described for designing 

the SAPF system parameters. This section describes an idea of general procedures for 

obtaining the values of system parameter [81]. To design the SAPF, the following steps are 

considered. 

a) Selection of SAPF rating;  
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b)  Reference voltage required for DC-link voltage regulation; 

c)  Selection of interfacing inductor; 

d)  Selection of DC-link capacitor; 

e)   Control method employed; 

             
                       Fig.2.2 Three-phase three-wire shunt active power filter 

a) Selection of Device rating: 

The current and voltage rating of the device is dependent on the following consideration: 

 Switching frequency requirement  

 Maximum voltage sustaining limit of  the SAPF during the OFF period  

 Maximum current rating of the SAPF  

 Requirement of switching frequency: The high switching frequency should be required for 

compensation of both reactive power and harmonic currents. Generally PWM switching 

frequency is utilized ten times superior than that of the harmonic frequency to be 

compensated [82]. For reactive power compensation, 500 Hz would be sufficient. On the 

other hand, for harmonic compensation, when we need to compensate a 13
th

 harmonic we 

ought to utilize 6.5 kHz to compensate this high harmonic.  

Maximum voltage sustainable limit: Considering the situation when 1S  being closed and 2S

being open, the maximum voltage blocked by the switch 2S  is equivalent to DC-link 
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voltage ( dcV ). Therefore, the SAPF maximum blocking voltage rating is chosen slightly 

higher than dcV   so as to safely operate the SAPF.  

Maximum current flow: Maximum current flows through the SAPF when both the switches 

1S
 
and  2S  of one leg are closed together, and this current is equal to the maximum line 

current [83]. The maximum line current is same as the per phase current in a three-phase 

system. The maximum current flow is same for all the three legs of SAPF. 

 b) Reference voltage selection for DC-link capacitor: 

    The PWM-VSI is supposed to operate in the linear modulation mode (0 1)am  , and the 

amplitude modulation factor am is considered as [84]. 

2

m
a

dc

V
m

V
                                                                                                                          (2.1) 

where 12m shV V  

Hence, 12 2dc shV V  for 1am  .                                                                                       (2.2) 

where 1shV is the fundamental component in the ac-side of PWM-inverter and mV is the peak 

value of fundamental component.  

                                    
                                                   Fig.2.3 Vector diagram 

     According to the compensation principle, the SAPF regulates current 1shI  to compensate 

the reactive power of the load. If the SAPF completely compensates the fundamental 

reactive power of the load, then the supply current 1SI  should be in phase with the supply 

voltage SV  and the compensation current 1shI  should be orthogonal to SV  as shown in Fig. 

2.3. Based on the vector diagram, 

1 1sh S sh shV V j L I                                                                                                             (2.3) 

      The value of 1shV  should be considered according to the capacity requirement of the 

system. Based on the aforesaid analysis, the suitable range of 1shV  should be as follows. 
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1 2S sh SV V V                                                                                                                      (2.4) 

   If the value of interfacing inductor is small due to high switching frequency and the 

voltage 1shV  is approximately equal to the source voltage, then the equation (2.2) will be 

2 2dc SV V                                                                                                                      (2.5) 

      Suppose the approximation value of dcV is 1.1 times more than the normal value of dcV , 

then  the dc- link voltage is regulated up to 10 % above the peak value of supply voltage. On 

the other hand, the required value of dcV  is reduced because of the sine reference for PWM 

is modulated through the third and ninth harmonics. The minimum essential voltage of dcV is 

expressed in terms of the source voltage as:  

2 2

1.155

S
dc

V
V                                                                                                                      (2. 6) 

c) Selection of interfacing inductor:  

      The following requirements can be enforced on the estimation of interface inductor 

value. 

 Passes compensating currents for reactive power and harmonics.  

 Ensure filtering to a definite quality level of VSI output current and voltage source 

ripples. 

First method: The design of interface inductor shL  is dependent on the ability of harmonics 

current reduction and reactive power compensation. The inductor is additionally utilized to 

filter the ripples of the compensation current.  For the sinusoidal PWM-VSI that expected to 

work in the linear modulation mode 0 1 am , the maximum harmonic voltage arises at the 

frequency fm   [85]. Considering this harmonic content, the ripple current of the SAPF 

compensation current is given as 

( )
( )

( )

shh f

shh shh f

sh f

V m
I I m

L m





                                                                                              (2.7) 
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where, the subscript h  represents the harmonic components and mf  as the frequency 

modulation ratio of the PWM-VSI. For the measurable consideration, Ripple Attenuation 

Factor (RAF) is defined as 

1,

shh

sh rated

I
RAF

I
                                                                                                                   (2.8) 

The three-phase reactive power 1shQ  can be calculated from the vector diagram shown in 

Fig. 2.3. 

1
1 1

1

3 3 1sh S
sh S sh s

sh sh

V V
Q V I V

L V

 
   

 
                                                                                (2.9) 

By solving equations (2.7) and (2.9) simultaneously, the value of shL  and 1shV  are calculated.  

Second method: In this method peak ripple current is utilized for designing the interface 

inductor. For computing the ripple current, no-load condition is considered, and the effect of 

inductor resistance is supposed to be negligible. In this condition, the reference voltage of 

the VSI is equal to the supply voltage [86]. Thus, the required inductor is specified by the 

following equation. 

( )max2 6

S
sh

s sh p p

V
L

f I 




                                                                                            (2.10) 

where ( )maxsh p pI  is 15% of the peak compensation current. 

d) Selection of dc-link capacitor:  

      The selection of DC-link capacitor is based on the principle of instantaneous power flow 

[87]. It is utilized for two significant purposes such as (i) preserves the DC-link voltage 

approximately constant with small ripples in steady state (ii) performs as an energy storage 

element to supply real power difference between load and source during the transient period. 

To maintain efficient operation of the SAPF, the peak value of reference current must be 

regulated to change the real power drawn from the supply. This real power 

charged/discharged by the capacitor compensates the real power consumed by the load. The 

selection of the value of dc-link capacitor is based on the stored capacitor energy released 

instantaneously to support the step increase or decrease in the power consumed by the linear 

or non-linear load. 
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First approach: The selection of the dc-link capacitor is dependent on the magnitude of 

instantaneous power flow on the dc and ac side of the VSI [88]. The design of dcC  can be 

governed by decreasing the voltage ripple. The dc-link capacitor dcC  is originated from 

rated active power line conditioner current 1,sh ratedI  and peak to peak voltage ripple

,( )maxdr p pV  . It is defined as 

1,

,( ) max3

sh rated
dc

dr p p

I
C

V



 


                                                                                                     (2.11) 

Second approach:  The real power demand of the load has to be supplied by the DC-link 

capacitor for one cycle of the supply voltage during the transient condition. Therefore, the 

capacitor value is expressed by the following equation [89]. 

max

2 2
min

2
dc

dc dc

E
C

V V



                                                                                                          (2.12) 

where maxE is the maximum energy that the capacitor has to supply during the transient 

condition. 

2.3 Active Power filter control strategies 

     Control approach [90] is the heart of the SAPF and is realized in three stages. 

 In the first stage, the required voltage and current signals are sensed using current 

and voltage sensors.  

 In the second stage, the reference signal in terms of current or voltage levels are 

derived based on control methods [91] and SAPF configurations.  

 In the third stage of control, the switching signals for the SAPF are generated using 

hysteresis, sliding-mode based controllers.  

      The control of the SAPF is realized with analog and discrete components or innovative 

microelectronic devices such as Field programmable gate array (FPGA), Digital signal 

processing (DSP) etc. There are various published approaches that define the different 

topologies and different algorithms utilized for SAPF. In many of those, it generally 

overcomes the explanation of a single method but there are publications that explain and 



Chapter-2                                                                                             SAPF Design & Control 

31 
 

compare couple of such techniques defining their advantages and disadvantages by 

providing final monitors as the dynamics, THD reduction, inverter efficiency or the cost of 

the entire SAPF. 

      Extraction of positive sequence signal from the supply voltage is one of the important 

considerations of SAPF control algorithms [90]. Conventional unit vector technique 

provides adequate performance in sinusoidal and balanced conditions. However, it produces 

improper reference currents when the supply voltage contains unbalance and distortions, 

resulting in inadequate harmonics compensation. The reference current is calculated by two 

steps: first is related to the calculation of the positive-sequence component of unbalanced 

supply voltage and second is deriving a simple fundamental extraction filter to extract the 

fundamental frequency component from the distorted positive-sequence voltage, hence 

increases computation time.  

      Therefore, a PLL based control strategy for SAPF is considered in this chapter, which is 

based upon the following facts. 

1. A fast and accurate estimation of the fundamental component of the distorted supply 

voltage under consideration of grid perturbations, which helps in the generation of 

reference current signal for SAPF system. 

2. A proper tracking of reference current signal employing suitable PWM current 

control techniques to enhance harmonic compensation performance of SAPF. 

      Keeping these facts into consideration, two control strategies namely Hysteresis current 

control (HCC) and Sliding Mode Control (SMC) are considered in this chapter, which are 

independent of all grid perturbations and make harmonic compensation effective in SAPF 

system. These control strategies are described in the subsequent sections.  

2.4 Development of HCC/SMC based SAPF 

      Fig. 2.4 illustrates the control structure implemented for the three phase three wire SAPF 

using HCC and SMC. The SAPF is consisted of a DC-link capacitor dcC  and three-phase 

insulated-gate bipolar transistor (IGBT) inverter followed by an inductive output filter

 sh shL ,R . 
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          Fig 2.4 HCC/SMC based SAPF 

The SAPF is designed to inject a current ( )sh abci (where suffixes a, b and c represent different 

phases) at the PCC to cancel the harmonic content of the source current Sabci , which results 

in a pure and sinusoidal source current Sabci . To achieve the aforesaid objective, PLL is 

utilized for generation of the positive sequence component  abcU  in per unit magnitude of 

supply voltages. These are modulated with the output of proportional-integral (PI) controller 

Pi  to generate references  *
Sabci for both the current controller.  

                           

                                   Fig. 2.5 Outer control loop for dc-link voltage control 
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      An outer PI voltage control loop is used to set the proper magnitude of the source 

current, and the choice of PI parameters ( ,p ik k ) are based on the closed loop control as 

shown in Fig.2.5. In order to regulate the DC-link voltage dcV , the error *  dc dc dcV V V  is 

passed through the PI controller, which is expressed by the following equation.  

   dc p dc i dcV k V k V dt                                                                                                        (2.13) 

 From the Fig.2.5, the closed loop transfer function of DC-link voltage regulation can be 

obtained as 

*
2

( )

( )





 

i

pdc

p idc

dc dc

k
s

kV s

k kV s
s s

C C

                                                                                                (2.14) 

      where the proportional gain and integral gains are derived from 2p n dck C  and 

2i dc nk C  . The outer loop natural frequency n  is considered as the fundamental 

frequency of the supply voltage. 

2.4.1   Reference Current Generation Technique 

      Usually, the performance of the SAPF depends upon the accuracy of the reference signal 

generator and for source reference generation, extraction of the positive sequence 

component is the most important consideration for determining the reference signal of 

SAPF. The expression for source reference signal is given by 

*  Sabc p abci i U                                                                                                                   (2.15) 

The extraction of the positive sequence component of supply voltages using CO-PLL 

algorithm is presented below. 

2.4.2 Positive Sequence Signal extraction method using CO-PLL 

      The CO-PLL uses an algorithm that is based on the principle of Coulon oscillator [92]. 

Block diagram of the Coulon oscillator is shown in Fig. 2.6 and the input signal x( t ) , which 

is harmonically rich, is given by the following expression. 
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                                   Fig.2.6 Block Diagram of Coulon Oscillator 

     
1

( ) sin( )
N

i i i

i

x t A t 


                                                                                                                (2.16) 

where N is the harmonic order, Ai is the harmonic amplitude and i is the phase angle. The 

Coulon oscillator frequency is defined as 2r rf   , which generates the sin( )rt and 

cos( )rt signals. Also x1(t) and x2(t) can be given by the following expressions. 

1

1

( ) sin( ).sin( )


 
N

i i i r

i

x t A t t  

                                                                                  (2.17) 

2

1

( ) sin( ).cos( )


 
N

i i i r

i

x t A t t                                                                                     (2.18) 

    Eq. (2.17) and (2.18) can be rewritten as     

1

1

( ) {cos[( ) ] cos[( ) ]}
2

     
N

i
i r i i r i

i

A
x t t t                                                    (2.19) 

2

1

( ) {sin[( ) ] sin[( ) ]}
2

     
N

i
i r i i r i

i

A
x t t t                                                         (2.20) 

Considering 1 1 2f   , 1 i i  , 1 r r   (i and r as the fundamental and harmonic 

orders), Eq. (2.19) and (2.20) can be defined as follows. 
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1 1 1

1

( ) {cos[( ) ] cos[( ) ]}
2

     
N

i
i i

i

A
x t i r t i r t                                                      (2.21) 

2 1 1

1

( ) {sin[( ) ] sin[( ) ]}
2

     
N

i
i i

i

A
x t i r t i r t                                                      (2.22) 

In order to extract the fundamental frequency of signal ( )x t , frequency of the oscillator i  

should be same as 1 , i.e. 1 r i . Therefore signal ( )x t can be presented as follows.  

  

1 1
1 1 1 1 1

2

1

( ) cos( ) cos(2 ) {cos[( 1) ]
2 2 2

cos[( 1) ]}



     

  


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i

AA A
x t t i t

i t

    

 

                             (2.23) 

1 1
2 1 1 1 1
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2 2 2

sin[( 1) ]}


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  


N

i
i

i

i

AA A
x t t i t

i t

    

 

                                (2.24) 

      The first terms of the Eq. (2.23) and (2.24) are the DC components related to the 

fundamental magnitude A1 and phase angle 1 , and the second terms relate to the second 

harmonic components and the remaining terms in the equations are higher frequency 

components. A low-pass filter filters out the DC components of each signal, which are given 

as follows. 

1
cos 1

2
 d

A
V                                                                                                                   (2.25) 

1
sin 1

2
 q

A
V                                                                                                                     (2.26) 

Therefore, the output of the Coulon oscillator can be expressed as 

2 2
1 (2 ) (2 )  d qA V V                                                                                                   (2.27) 
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1
1 tan

 
  

 
 

q

d

V

V
                                                                                                               (2.28) 

                    

  

                                  Fig.2.7 Block diagram of the CO-PLL structure 

      When the phase of the oscillator coincides with the phase of the fundamental component 

of input signal i.e. 1 , then 10.5 dV A  and 0qV . It can be shown that the Coulon oscillator 

permits only fundamental component of the input signal while rejecting other harmonic 

components by appropriately tuning of the oscillator. Fig.2.7 shows the block diagram of the 

CO-PLL structure, where saV is the phase utility voltage and can be expressed as 

1 12 cos d dV V A                                                                                                          (2.29) 

1 12 sin q qV V A                                                                                                            (2.30) 

where  1 1arcsin , 1.0 qV A . 

The phase angle 1  of the output can be fed back to the oscillator to lock its frequency and 

phase, so that 1  approaches to zero. In this condition, sin( )et and  ( )ecos t  can be defined 

as unit phase voltage saV . The advantage of the CO-PLL in comparison with the other PLL 

is that it is derived from only one phase voltage, and the unit vector output is not affected by 

harmonic distortion, unbalance or sag/swell of the utility voltage. 
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From the Eq. (2.29) and Eq. (2.30), the three-phase unit sine vector signals are defined as 

follows. 

1 1 1

1

1

sin sin ( )

2
sin

3

2
sin

3

a

b

c

U A A t

U A t

U A t

 







 

 
  

 

 
  

 

                                                                                                 (2.31) 

  2.4.3 Hysteresis Current controller 

      The schematic diagram of the hysteresis current controller is shown in Fig.2.8. The 

current error signal ( )abc t  is the difference between the reference current ( *
Sabci ) and the 

measured current ( Sabci ). These error signals are fed to the HCC for generation of required 

switching signal. When the error signal crosses the upper boundary of the hysteresis band 

(HB), the lower switch of the inverter arm is turned ON, and the upper switch is turned OFF. 

Therefore, the current starts falling [93]. Fig. 2.9 demonstrates the ON and OFF switching 

signal to drive the SAPF system. When the error signal exceeds the lower boundary of the 

band, the upper switch is turned ON, and the lower switch is turned OFF. Consequently, the 

current is retained within the hysteresis band. Therefore, the actual current is forced to track 

the reference current in the hysteresis band. 

              

                Fig.2.8. Schematic block diagram of hysteresis current controller. 



Chapter-2                                                                                             SAPF Design & Control 

38 
 

                   

                     Fig.2.9. Switching pattern of hysteresis current controller. 

The phase-A switching state value is defined as 

*

*

( ) ( )

( ) ( )

   
 

   

sa sa

sa sa

ON if i t i t hb
S

OFF if i t i t hb   (2.32) 

      Correspondingly, the switching state of phase-B and phase-C can be derived by 

considering the HB. As the circuit of the hysteresis controller is very simple, it is widely 

used for SAPF applications [94]. However, HCC method exhibits certain unwanted effects 

such as variable switching frequency and generates significant sideband harmonics around 

the switching frequency. Thus, it increases switching losses and electromagnetic 

interference  

(EMI) noise issues. To overcome these problems, the SMC based PWM technique is 

implemented in SAPF. The sliding mode current control method provides superior 

performance on harmonic compensation perspective, as switching frequency is 

restricted within a practical range. 

2.4.4 Sliding Mode current control 

      The single-phase equivalent circuit for the shunt converter is illustrated in Fig.2.10. 

Sliding mode control law based upon switching function „ u ‟ is considered here. When 
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either 1S or 1D conducts, then 1u   and when either 2S or 2D conducts, then 1u   . The 

inductor current is given by the following expression,  

                

              Fig.2.10 Equivalent Circuit for one leg of the shunt converter. 

2
  sh S dc sh

sh

sh sh sh

di V V R
u i

dt L L L
                                                                                              (2.33) 

The capacitor voltage equation considering the ripple due to compensating currents can be 

expressed as 

1
[ ]

2
   dc sha shb shc

a b c

dc dc dc

dV i i i
u u u

dt C C C
                                                                               (2.34) 

where ,a bu u  and cu  are the independent controls for phases a, b, and c, respectively. The 

SAPF circuit can be decomposed into three first order independent systems that can be 

expressed as 

 sx Lx shxi i i                                                                                                                      (2.35) 

 
2

Sx dc sh
Lx x shx

sh sh sh

V V R
i u i dt

L L L

 
    

 
                                                                              (2.36) 

where x denotes the phase. To apply SMC technique for designing SAPF, the sliding 

surfaces must be defined such that the source current Sxi should follow the source reference 

current *
Sxi . The sliding surfaces for source currents can be defined as below.  

[ ] 0  x Sx Sxi i                                                                                                              (2.37) 
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      To assure that the system can be maintained on the sliding surface, it must be shown that 

there is a natural control that satisfies 0 at all times, i.e., for all values that the state 

may experience.  It u  is within the natural control bounds of the physical system for 0 , 

and then it is possible to remain on the sliding surface at all times and maintain perfect 

tracking. Setting 0x  , the equivalent control can be obtained as follows. 

2  
     

  

Lx xn Sx sh sh
eqx shx

sh sh dc

di V di R L
u i

dt L dt L V
                                                                      (2.38)                 

The natural control limits of the circuit are 1 1  eqxu . To satisfy 0 , the discontinuous 

control law is provided below. 

 If 0  then 1u                                                                                                            (2.39) 

 If 0  then 1 u   

For generating switching pulses, this control law can be applied to the SAPF.                            

 2.5 Simulation Results and Analysis 

      The control techniques have been verified using MATLAB-SIMULINK according to the 

structure shown in Fig.2.4. A three phase diode bridge rectifier with RL load is considered 

as a nonlinear load. The parameters used in the simulation are shown in Table 2.1, where 

shR and shL  correspond to the link inductor model, dcC  is the DC-link capacitor, *
dcV is the 

reference DC-link voltage, PK , iK are the PI-controller coefficients and rmsV is the rms value 

of the source voltage.  

                                              Table 2.1. Simulation Parameters 

rmsV  360 V *
dcV  620 V 

LR  6.6   shR  1  

LL  22 mH  shL  2.7 mH 

dcC  1800 F  pK  0.1273 

sR and sL  0.1 Ω and  0.1 mH iK  4.5000 
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Fig.2.11 Simulation Waveform of the HCC 

with balanced supply condition (a) Source 

voltage, (b) Load current, (c) Compensation 

current (d) Source current, (e) FFT of source 

current after compensation. 

 

Fig.2.12 Simulation Waveform of the SMC 

with balanced supply condition, (a) Source 

voltage, (b) Load current, (c) Compensation 

current, (d) Source current, (e) FFT of source 

current after compensation. 

 

      Investigations are carried out with three different operating conditions of source voltage 

such as balanced, unbalanced and distorted. A source voltage of 360 V (rms) is considered 

for balanced supply condition, and 4
th

 order harmonic component is incorporated into the 

source voltage for the distorted supply condition. An unbalanced source voltage is created 

by phase variation to each other. A comparison is made between the both HCC and SMC 

under balanced, unbalanced and distorted supply voltage conditions. Fig. (2.11) and ( 2.12) 

show the performance of shunt active power filter under a balanced source voltage condition 

with HCC and SMC schemes respectively. The source voltage SV , load current lai , 

compensation current shai , source current sai  and  FFT of source current after compensation 

for phase a are shown from top to bottom order. From the Fig.2.11 (d) and Fig.2.12 (d), it is 

observed that the source current is close to sinusoidal and remains in phase with source 

voltage therefore unity power factor is maintained. It is also observed that the HCC 



Chapter-2                                                                                             SAPF Design & Control 

42 
 

technique suffers from the switching ripples and results in a slightly higher value of THD (

3.28 %) in source current as compared to SMC technique ( 2.86 %), which is shown in 

Table 2. Fig.2.13 and 2.14 shows the performance of SAPF under HCC and SMC with 

unbalanced supply voltage conditions. It is observed from Fig.2.13 (d) and Fig.2.14 (d) that 

source current is sinusoidal and in phase with the supply voltage. However, on the basis of 

calculation of THD, Table 2 shows the superiority of the SMC method (3.12 %) over the 

HCC method (3.88 %).  

   

Fig.2.13 Simulation Waveform of the HCC 

with unbalanced supply condition, (a) 

Source voltage, (b) Load current, (c) 

Compensation current, (d) Source current, 

(e) FFT of source current after 

compensation. 

 

Fig.2.14 Simulation Waveform of the SMC 
with unbalanced supply condition, (a) 
Source voltage, (b) Load current, (c) 
Compensation current, (d) Source current, 
(e) FFT of source current after 
compensation. 

 

      Fig.2.15 and 2.16 show the performance of SAPF under HCC and SMC with the 

distorted source voltage condition with a similar order as in the above case. Here source 

voltage THD is taken as 8.14 %. Source current results (Fig.2.15 (d) and Fig.2.16 (d)) show 

the successful reduction of harmonics from the supply current by having on the 

approximation of 4 % THD. Table 2.2 shows that THD of HCC is found to be 4.47 %, 



Chapter-2                                                                                             SAPF Design & Control 

43 
 

whereas in case of SMC it is 4.06 %. Amplitudes of different harmonic orders (5
th

 to 19th) 

for balanced source voltage condition are analysed using the above two methods, which are 

shown in Table 2.3, It is found that the amplitude of harmonics is minimum in SMC as 

compared to HCC showing the higher priority of former one. 

      The DC-link voltage performance of both HCC and SMC control scheme are analyzed in 

Fig.2.17. The DC-link voltage of both controller methods during balanced, unbalanced and 

distorted supply voltage condition is shown in the figure from top to bottom order. It is 

observed from the figure that the variations of DC-link voltage are quite satisfactory and 

able to settle down with a minimum amount of time during balanced, unbalanced and 

distorted supply voltage condition.  

   

Fig.2.15 Simulation Waveform of the HCC 

with distorted supply condition, (a) Source 

voltage, (b) Load current , (c) Compensation 

current , (d) Source current, (e) FFT of 

source current after compensation. 

 

Fig.2.16 Simulation Waveform of the SMC 

with distorted supply condition, (a) Source 

voltage, (b) Load current , (c) Compensation 

current , (d) Source current , (e) FFT of 

source current after compensation. 

 

  



Chapter-2                                                                                             SAPF Design & Control 

44 
 

                
Fig.2.17 DC-link voltage waveforms, (a) During balanced supply voltage condition, (b) 

During unbalanced supply voltage condition, (c) During distorted supply voltage condition. 

                                               Table 2.2 Calculation of THD % 

 

                Table 2.3 Source current harmonics during balanced supply voltage condition 

Harmonic order HCC SMC 

5th 0.41 0.29 

7th 0.44 0.27 

11th 0.47 0.27 

13th 0.36 0.29 

17th 0.43 0.25 

19th 0.41 0.26 

Source Voltage condition  

 

Control   

Techniques 

 

Source 

Current 

Before 

Compensation 

 

Source Current 

After 

Compensation 

Balanced Supply Voltage  

HCC 

 

29.71 % 

 

3.28 % 

 

SMC 

 

29.71 % 

 

2.86 % 

Unbalanced supply voltage HCC 29.26 % 3.88 % 

SMC 29.26 % 3.12 % 

Distorted supply voltage 

 

HCC 30.11 % 4.47 % 

SMC 30.11 % 4.06 % 
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2.6 Real-Time experimental Results using HIL based OPAL-RT simulator 

      Hardware-in-the-loop (HIL) real-time system is assembled for validating the viability of 

the proposed technique for practical implementation. Developed laboratory experimental 

setup using HIL system is depicted in Fig.2.18 and Table 2.1 illustrates the system 

parameters used for experimental investigation. The HIL real-time system is confined in an 

OPAL-RT digital simulator (OP5600) with OP5142 Xilinx SPARTAN-3(3xc3s5000) Field 

programmable gate array (FPGA) processor. The OPAL-RT is a real-time simulation 

platform, which is equipped in Intel Quad core 2.40 GHz processor with the real-time 

operating system of type QNX and Red Hat Linux. 

      The OP5142 reconfigurable FPGA-based input/output (I/O) controller is equipped with 

3.3-GHz SPARTAN-3 (3xc3s5000) processor and enables the distributed execution of 

Hardware Description Language (HDL) capacities and high-speed, high-density digital I/O 

in real-time models. It is equipped with expansion slots accommodating up to 8 signal 

conditioning and analog/digital converter modules with 16 or 32 channels each for a total of 

128 analog or 256 discrete or mix of analog and digital signals and 16 analog I/O channels 

and 32 digital I/O channels. The OP5142 is optimized for HIL simulation applications and 

particularly intended for utilization with Opal-RT's full-line of Real-Time simulators. The 

OPAL-RT signifies the total power circuit system by implementing the circuit component 

such as three phase three wire (3P3W) distorted or unbalanced power source, the unbalanced 

load and both shunt and series converter. The SPARTAN-3 FPGA processor can represent 

the digital control for the UPQC through its I/O ports. The essential signals utilized for 

controlling purpose are taken out from the DAC ports.           

      The experimentation has been carried out at switching frequency of 10 kHz. Fig.2.18 

illustrates the performance of SAPF under balanced supply condition, Fig.2.18 (a) provides 

information about the source voltage and Fig.2.18 (b) shows the waveforms of load current, 

compensation current, and source current using HCC control scheme. Fig.2.19 follows the 

same pattern for SMC scheme. Figs.2.20-2.21 (a & b) and Figs.2.22-2.23 (a & b) provide 

the results using unbalanced and distorted supply voltage conditions respectively. Under all 

operating conditions of the supply voltage, source current is observed to be more sinusoidal 

in case of SMC in comparison to the HCC method.  
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                                                               (a) 

                      

                          (b) 

Fig.2.18 Real-time OPAL-RT experimental setup, (a) Real time HIL system, (b) OP5142 

connectors and layout. 
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Fig.2.19 Real-time experimental waveform under Balanced supply voltage with HCC 

method, (a) Source voltage (scale: 200 V/div), (b) Load current (scale: 75 A/div), 

Compensation current (scale: 125 A/div), Source current (scale: 84 A/div).  

                       
Fig.2.20 Real-time experimental waveform under balanced supply voltage with SMC 

method, (a) Source voltage (scale: 200 V/div), (b) Load current (scale: 75 A/div), 

Compensation current (scale: 125 A/div), Source current (scale: 84 A/div).  
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Fig.2.21. Real-time experimental waveform under unbalanced supply voltage with HCC 

method, (a) Source voltage (scale: 200 V/div), (b) Load current (scale: 75 A/div), 

Compensation current (scale: 70 A/div), Source current (scale: 84 A/div). 

                            
Fig.2.22 Real-time experimental waveform under unbalanced supply voltage with SMC 

method, (a) Source voltage (scale: 200 V/div), (b) Load current (scale: 75 A/div), 

Compensation   current (scale: 70 A/div), Source current (scale: 84 A/div).  
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Fig.2.23. Real-time experimental waveform under distorted supply voltage with HCC 

method, (a) Source voltage (scale: 200 V/div), (b) Load current (scale: 75 A/div), 

Compensation current (scale: 125 A/div), Source current (scale: 84 A/div).  

                            
Fig.2.24. Real-time experimental waveform under distorted supply voltage with SMC 

method, (a) Source voltage (scale: 200 V/div), (b) Load current (scale: 75 A/div), 

Compensation current (scale: 125 A/div), Source current (scale: 84 A/div).    
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2.7 Chapter Summary 

      In this chapter, two control strategies HCC and SMC have been utilized for the three-

phase three-wire distribution SAPF system to improve the performance under balanced, 

unbalanced and distorted supply voltage conditions. Both the control strategies consider CO-

PLL technique for positive sequence signal extraction utilized in reference current 

generation and PI controller utilized in the outer control loop for DC-link voltage regulation. 

It is observed from both simulation and experimental results that, both control strategies are 

able to compensate the source current to be almost perfect sinusoidal even with highly 

distorted load current. However, it is verified through THD factors of the source current that 

the SMC strategy provides better steady state performance in comparison to the HCC 

method during balanced, unbalanced and distorted supply voltage condition. 

       Although these two SAPF have similar fundamental operating principles, the way they 

are constructed and designed are different. Nevertheless, SAPF is not able to compensate for 

voltage related problems such as voltage harmonics, voltage sag/swell and supply voltage 

unbalanced conditions. Therefore, in the next chapter, we will investigate how shunt active 

power filter can be integrated with series active power filter to provide voltage harmonics, 

voltage sag/swell and supply voltage unbalanced compensation capability. 
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Chapter 3 

Novel Nonlinear DC-link voltage controller with Modified 
SRF based Control philosophy for Unified Power Quality   
Conditioner (UPQC) 

3.1 Introduction 

In chapter 2, HCC and SMC current control strategies have been developed for the SAPF to 

effectively eliminate current harmonics produced by nonlinear loads. Even though the 

superiority of SMC over HCC is justified in Chapter 2, SMC also has a few limitations like 

huge amount of calculations in designing sliding surfaces. On the other hand, a simpler 

theoretical analysis is evolved in case of HCC, which provides fast response as well as 

easier implementation. Moreover, the SAPF cannot compensate PQ issues related to voltage 

phenomena, such as voltage harmonics, voltage sag/swell and voltage unbalance.  

      With above considerations, in this chapter, UPQC, which is integrated with shunt APF 

and series APF, can be utilized to compensate both current and voltage related problems and 

also HCC is chosen as a suitable PWM control strategy in UPQC system at the beginning 

stage. Major research works have been carried out on controller and extraction circuit design 

to increase the operating performance of UPQC. At first, operating principle and design of 

UPQC is presented and then a novel control algorithm is introduced with the aid of 

nonlinear DC-link voltage controller with modified synchronous reference frame (SRF) 

control strategy for improvement of both current and voltage compensation performance of 

the UPQC. The feasibility of the proposed control algorithm is verified through simulations 

and experimental results. 

3.2 Structural design and operating principle of UPQC 

      The structural design of UPQC is shown in Fig.3.1. It comprises of series APF and shunt 

APF. The series APF is a three phase pulse-width modulated (PWM) voltage source 

inverter. The main objective of series APF is to mitigate voltage sag, swell, voltage 

distortion and voltage unbalance originating from the source voltage. The LC filter consists 

of inductor sefL  and capacitor efC  connected in each phase to prevent the flow of switching 

ripples. The transformers are connected at the output of the LC filter to provide isolation 
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between series APF and the power line and also prevent the DC capacitor from being short 

circuited due to the operation of various switches. The power circuit of shunt APF consists 

of a three-phase PWM voltage source inverter, DC side is connected to the DC bus capacitor 

( dcC ). Shunt APF is connected through a filter inductor shfL which provides isolation 

between the shunt APF and power line. The purpose of shunt APF is to restrain the load 

current harmonics and to control the DC bus voltage.  Ideally, once it is charged, the DC bus 

voltage dcV should not fall off its charge, but some power is consumed due to finite 

switching losses of the inverter and losses in the inductor as well as capacitor. Hence, the 

charge of the DC bus voltage needs to be maintained by using closed-loop control of the 

shunt APF. Insulated gate bipolar transistors (IGBTs) with anti-parallel diodes are used as 

switching devices in both series and shunt APF. A 3-phase diode-bridge rectifier employed 

with resistive ( LR ) and inductive ( LL ) load produces harmonic current. 

 
                                    Fig.3.1. Structural design of UPQC 

      Fig. 3.2 demonstrates the single-phase equivalent circuit of UPQC. The nonlinear load is 

modeled by two current sources lhi  (harmonics current) and lfi  (fundamental current). The 

voltage source sV is represented as a supply voltage and current source ci  as well as voltage 

source cV represent as injection current of the shunt APF and the injection voltage of the 

series APF, respectively. From the figure, it can be analysed that 

   s c l lh lfi i i i i                                                                                                               (3.1)  

To achieve the supply current si to be perfectly sinusoidal (
 lfi ), Eq.3.1 can be written as 
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                          Fig. 3.2 Equivalent single-phase circuit of UPQC 

c lhi i                                                                                                                                   (3.2)  

Eq.3.2 illustrates that in order to obtain a clean sinusoidal supply current Si , the shunt APF 

of the UPQC has to keep on injecting harmonic compensating current that is equal in 

amplitude and opposite in phase with load current to cancel the current harmonics present in 

the source current [96].  

      Similarly, the series active filter compensation objectives are accomplished by injecting 

voltages in series with the source voltages such that the load voltages are undistorted and 

balanced, and their magnitudes are kept at the desired level. This voltage injection is 

delivered by the DC-link capacitor and the series APF. Based on measured supply and load 

voltages the control technique produces the appropriate PWM signals for the series APF. 

The series APF is controlled in voltage-control method utilizing the most useful PWM 

switching scheme described detail in [97]. In order to produce the injected voltage of desired 

magnitude, the actual voltage signal is compared with the reference voltage signal and the 

corresponding error signal is applied to the PWM controller for generation of appropriate 

switching signals. The DC-link capacitor is consecutively connected to the inverter outputs 

with positive and negative polarity. The output voltages of the series APF do not have the 

actual shape of the desired signals. However, it contains switching harmonics, which are 

filtered out by the series low pass filter. Therefore, the amplitude, phase shift, frequency and 

harmonic content of injected voltages are controllable. 
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3.3 Nonlinear variable gain fuzzy and modified PLL based SRF control strategy 

      In this section, the nonlinear variable gain fuzzy (NVGF) controller for DC-link voltage 

regulation and a simple SRF based reference generation scheme with modified phase-

locked-loop (MPLL) control technique are proposed for UPQC to improve the power quality 

problems such as current harmonics, reactive power, sag/swell, voltage unbalance, and 

voltage distortion present in the power distribution network. The proposed NVGF controller 

uses TS-fuzzy type numerical consequent rule, which limits the dc-link voltage deviations in 

UPQC during the load and supply voltage disturbances and assures an insignificant error 

causing UPQC robust against all dynamic conditions. The SRF with MPLL technique is able 

to detect the phase of the utility signal as fast as possible and provides adequate reference 

signal. Thus the proposed control strategy can be an effective solution for UPQC that 

requires integrated functionalities such as generation of fast and accurate reference signal, 

reduction of load and supply voltage disturbances and minimization of the effects of 

measurement noise produced from sensor. The real time hardware in the loop (HIL) system 

is developed using an OPAL-RT simulator with OP5142 Xilinx SPARTAN-3 Field 

programmable gate array (FPGA) processor for validating the performance of the proposed 

algorithm for practical applications.  

3.3.1 Design of NVGF for DC-link voltage regulation 

      In this section, design of the NVGF control scheme using TS-fuzzy rule is considered for 

DC-link voltage regulation. Schematic diagram of the TS-fuzzy control scheme for UPQC is 

shown in Fig.3.3 (a). In order to implement the control algorithm for dc link voltage control 

of UPQC, the DC-link capacitor voltage dcV is sensed and then compared with the reference 

value dc _ refV . The error signal ( )e n  and its change in error ( )ce n are applied to the input of 

fuzzy controllers. The output of the fuzzy controller is the magnitude of peak reference 

current maxI . The deviations ( )e n  and ( )ce n  are fuzzified by two input fuzzy sets entitled as 

positive and negative and the mathematical definition of the membership functions are  
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 where ( )iz n  denotes error to the fuzzy controller at the thn sampling instant specified by  

         1 _( ) ( )  dc ref dcz n e n V V                                                                                       (3.4) 

          2 ( ) ( ) ( )z n ce n e n                                                                                                    (3.5) 

                                                                                                    

 
                                    (a)                                                                 (b) 

Fig.3.3. Schematic diagram of the fuzzy control, (a) Control Structure, (b) Membership 

              function.     

Similarly the negative set membership function is 
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                                                                                        (3.6) 

        The membership functions for the ( )e n  and ( )e n  are shown in Fig.3.3 (b).The values 

of 1L  and 2L  are chosen on the basis of the maximum values of ( )e n and ( )e n . The TS-

fuzzy controller uses four simplified rules as 

       R1: If ( )e n is positive and ( )e n is positive, then 1( )v n   

       1 1 2 3( ( ) ( ) . ( ) . ( )) k a e n a e n a e k e k  

      R2: If ( )e n is positive and ( )e n is negative, then  2 ( )v n   

      2 1( )k v n  

      R3: If ( )e n is negative and ( )e n is positive, then 3( )v n   

       3 1( )k v n  
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      R4: If ( )e n is negative and ( )e n is negative, then 4 ( )v n   

       4 1k v ( n )   

      The above rule base 1 2 3( ), ( ), ( )v n v n v n and 4 ( )v n  denote the output of TS-fuzzy 

controller. Using Zadeh‟s fuzzy rules for AND operation and general defuzzifier, we get 

   

4

1

4

1

( ) ( )

( )

( )

j j
j

j
j

v n

u n



















                                                                                                     (3.7) 

Substituting ( )jv n ( 1,2,3,4)j   in Eq. (3.7), we obtain  

4 4

1 1

14 4

1 1

( ) ( ) ( )

( ) ( )

( ) ( )

j j j j
j j

j j
j j

v n k

u n v n

 

 

 

 

 

 

 

 

 
                                                                           (3.8) 

 For 1  , the centroid defuzzifier value ( )u n  can be specified by 

   u( n ) a e( k ) be( k ) c . e( k ) .e( k )                                                                              (3.9)                                                                                               

where 

1 1 2a a F( z ,z ) , 2 1 2b a F( z ,z ) and 3 1 2( , )c a F z z                                                         (3.10) 

Based on the Eq. (3.8), we specify 1 2( , )F z z  as 

 
 

1 1 2 2 3 3 4 4
1 2

1 2 3 4

k k k k
F( z ,z )

      


   
                                                                           (3.11)                                                                                                    

      Therefore, the proportional and integral gains at any instant depend on an error and its 

change in error. If the maximum value of error and its change in error are 1L and 2L  

respectively, then 1 2 1 1 2 1 2F( L ,L ) k ,F( L , L ) k k ,   1 2 1 3F( L ,L ) k k ,  1 2 1 4F( L , L ) k k   .  

       The above equation described for the TS-fuzzy controller is highly non-linear and the 

coefficients 1 2 3k ,k ,k  and 4k  yield extensive variation of the controller gains. In order to 

design the nonlinear variable gain TS-fuzzy controller, the optimized gain parameters for 

conventional PI controllers are determined. The PI controller [98] equations are defined as  

( ) i
p

K
H s K

s
                                                                                                                  (3.12)                                                                                                                                      
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The proportional and integral gains are derived using 2p n dcK C  and 2
i dc nK C   [31], 

where 2
2

  is the damping ratio, n is the natural frequency and dcC is the dc-link 

capacitor. The gain variation of the TS-fuzzy controller depends upon 
1z  and

2z . 

Comparing Eq. (3.8) and Eq. (3.10), it is observed that the fuzzy controllers are same as 

nonlinear PI-controller and hence  

1 2 1 1 2pK ( z ,z ) a F( z ,z )                                                                                                    (3.13) 

1 2 2 1 2iK ( z ,z ) a F( z ,z )                                                                                                    (3.14) 

1 2 3 1 2eK ( z ,z ) a F( z ,z )                                                                                                    (3.15)               

where 
p

e

i

K
K

K
  

      Eq. (3.13), Eq. (3.14) and (3.15) represent the variable proportional gain, variable 

integral gain and equivalent gain respectively. The parameters of variable gains are 

determined by using the characteristics of 1 2( , )F z z , which is determined by the value of 

1 2 3, 4, ,k k k k  and L as described in [99]. It is desirable to select the parameters 1 2 3k ,k ,k  and 

4k  such that 0 0pK ( , ) , 0 0iK ( , ) and 0 0eK ( , )  are equal to pK , iK  and eK respectively, 

where 0 0pK ( , ) , 0 0iK ( , )  are the equivalent gains at the steady state of PI controller and 

(0,0)eK  is the equivalent gain of eK  determined by using Eq.(3.15). Thus 0 0pK ( , ) ,

0 0iK ( , )  and 0 0eK ( , )  are given by 

1 2 3 4
1

1
0 0

4
p

k ( k k k )
K ( , ) a

  
                                                                                       (3.16) 

 1 2 3 4
2

1
0 0

4
i

k ( k k k )
K ( , ) a

  
                                                                                      (3.17)               

1 2 3 4
3

1
0 0

4
e

k ( k k k )
K ( , ) a

  
                                                                                      (3.18)                              

If we choose the value of 1 1k  , 2 0k  , 3 1k  , 4 0k  , 0 0p pK ( , ) K , 0 0i iK ( , ) K  and 

0 0e eK ( , ) K  then we can get 1 2 pa K from Eq.(3.13) and (3.16). The similar case holds 

for 2 2 ia K  and 3 2 ea K . 
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3.3.2. Modified PLL technique  

      The proposed modified PLL technique shown in Fig.3.4 can effectively enhance the 

performance of the UPQC under unbalanced and distorted source and load conditions. The 

MPLL is basically utilized for capturing the positive sequence signal of the supply voltage. 

 
                                       Fig.3.4.Modified PLL structure 

      The principal objective of modification of conventional PLL is to enhance the filtering 

performance in extremely distorted voltage and unbalanced voltage condition. The 

modification of the PLL is based on introducing the negative feedback in the inner control 

loop of conventional PLL. This negative feedback improves noise suppression capability of 

PLL and hence reduces the amount of distortions present in the signal before filtering and 

makes the filtering process smooth. 

      The proposed modified PLL consists of a phase detector (PD), LPF and voltage 

controlled oscillator (VCO). The PD is implemented by means of a simple subtractor, 

multiplier and adder. LPF is based on the PI-controller and the VCO consists of a sinusoidal 

function supplied by a linear integrator. The three phase signals are applied to the input of 

PLL. The signal of phase-b is subtracted from both phase-a and phase-c signals to generate 

in-phase signal  sinV t   and quadrature phase signal  cosV t   respectively. 

These signals are multiplied with the signals  cosV t    and  sinV t    generated 

from VCO. Finally, the signal generated by the multiplier can be written as 

   sin sin
2

V
p t t t t                                                                          (3.19) 
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     sin sin
2

V
p t t t t                                                                      (3.20) 

   The phase error signal from the PD can be written as 

 

( ) ( ) ( )

sin ( ) ( )

pde s p s p s

V s s 

  

 
                                                                                                       (3.21)   

      The disturbance and high-frequency component present in the PD error signal can be 

cancelled out by the LPF (PI-controller), thus the output of the PI-controller can be written 

as 

1
1 ( )df p pd

i

v k e s
k s

 
  

 
                                                                                                   (3.22) 

      However, multiplier block in PD produces nonlinear phase detection ( )  and feed-

forward gain can be added at the output of LPF (PI-controller) for linearization of PLL, 

which can be written as   

 c    
                                                                                                                    (3.23)                    

      where c  is the centre frequency of the VCO and is supplied to the PLL as a feed-

forward parameter dependent on the supply frequency range. The phase angle     can be 

obtained by integrating the frequency command    as      

( )t dt                                                                                                                         (3.24) 

Here the integrator of PLL is considered as plant transfer function 

1
( )P s

s
                                                                                                                            (3.25) 

 Then, the transfer function of the LPF is defined as 

 ( )

i
p

p

k
k s

k
LF S

s

 
 

 
                                                                                                         (3.26)                                                                                                                     

Thus, the open loop transfer function becomes 

2
( ) ( )* ( )

p

p

i

k
k s

k
GOL s p s LF s

s



                                                                                    (3.27) 

The closed-loop transfer function can be written as 
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2

( ) ( )
( )

( ) 1 ( )

p

p

i

p

p

i

k
k s

ks GOL s
G s

ks GOL s
s k s

k










  


 

                                                                    (3.28) 

Then the closed-loop negative feedback transfer function becomes

2

2

1 ( )pd
p

p

i

s
e G s

k
s k s

k

   

 

                                                                                        (3.29) 

From Eq. (3.29), the relation of pde  with the second order transfer function becomes 

2 2
( )

2

n

n n

H s
s s





 


 
                                                                                                 (3.30) 

Equating the Eq. (3.29) and Eq. (3.30), pk and ik are determined as 

2p nk  and 
2

i

n

k



                                                                                                      (3.31) 

     where is the damping coefficient equal to 0.707 and n  is the natural frequency with 

consideration of settling time equal to 1sec, based on the settling time st  1s. 

     It is observed from the open loop transfer-function of MPLL defined in Eq. (3.27) that it 

is of type-2 structure with two poles lying in origin, which indicates that it can perfectly 

track the constant and variable slope of input phase angle without any delay. Moreover, Eq. 

(3.28)  reveals that MPLL presents a low-pass filtering characteristics in the detection of the 

input phase angle, which is a very interesting feature for reducing the detection error caused 

by possible distortion, noise and high order harmonics in the input signal. 

3.3.3 Proposed SRF based Reference signal generation technique 

      The control structure of UPQC depicted in Fig.3.5 presents a novel control strategy 

based on the SRF for generation of reference current as well as reference voltage signal. The 

proposed control technique is simple and easy to implement with lessened current 

measurement technique. The reference source current signal generation algorithm utilizes 

only source voltage and dc-link voltage. The source voltages are first applied to MPLL, and 

then three phase unit vector signals are generated from it.  
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      The unit vector signals are transformed to 0d q   coordinate to obtain the real 

component d( u )  and reactive components q(u ) . Some active power should be absorbed 

from the power system by the shunt inverter for regulating the dc-link voltage. For this 

purpose, the dc-link voltage dcV is compared with its reference value dc _ refV and the required 

peak value of the source current maxI is obtained from NVGF controller. The source current 

fundamental reference components sd( i and sqi ) are calculated by multiplying maxI  with 

real component du and reactive component qu respectively. 

sd max di I u                                                                                                                       (3.32) 

sq max qi i u                                                                                                                        (3.33)  

      The three phase source reference currents are calculated by taking the inverse 0d q 

transformation of sdi  and sqi . The source reference currents  sa sbi ,i and sci are subtracted 

from the load current  la lbi ,i and lci to produce compensating reference currents

 ca _ ref cb _ refi ,i and cc _ refi . The compensating reference currents and measured compensating 

currents ca cb cc( i ,i ,i )  are compared by a hysteresis current controller for producing switching 

signals for shunt APF. 

      The generation of reference compensating voltage ( ) _( )c abc refV  deals with compensation 

of power quality (PQ) problems such as source voltage sag, swell, voltage distortion and 

supply voltage unbalance. The proposed algorithm utilizes only supply voltage sabcV  and 

0d q   transformation to obtain real and reactive component d q(Vs ) .The peak detector 

utilized in the control algorithm detects the peak value of supply voltage spV . This constant 

magnitude value spV is further multiplied with unit vector template a b( u ,u
 

and cu )  

generated from MPLL block to produce the reference source voltage component s_ ref ( dq )(V )

.The reference compensating component 
*
d qVc   is obtained by subtracting s_ ref ( d q )V   from 

the required value of d qVs  as shown in Eq. (3.34).  

 *
( d q ) ( d q ) s_ ref ( d q )Vc Vs V                                                                                              (3.34) 
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      The three phase compensating reference voltages c( abc )_ ref(V )  are obtained by taking 

inverse transformation of 
*
( d q )Vc  . The generated compensating reference voltages and 

measured compensating voltages c( abc )V are compared in the hysteresis voltage controller to 

produce the switching pulses for series APF. 

 
                    Fig.3.5 Proposed NVGF with MSRF based control structure of UPQC 

3.4 Design of nonlinear sliding mode control and novel switching dynamic  
        control strategy 

      In sub-section (3.3.1), NVGF controllers have been proposed for controlling the DC-link 

voltage. This controller fails to regulate the DC-link voltage during fast transient conditions 

of system load and system uncertainty condition due to the failure of system components in 

the power distribution network.  Hence, the DC-link voltage of the UPQC can significantly 

deviate from its reference value and takes finite time interval to return to its original value, 

resulting in performance degradation of UPQC compensation process. To ensure high 

performance UPQC system, the DC-link voltage should settle quickly with a low overshoot. 

It is a  well-comprehended  certainty that a low overshoot can  be  accomplished  with  high  

settling  time and vice versa, which  is  not  desirable  in  UPQC as DC-link capacitor 
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voltage  can control the operation of both shunt and series  converter. The proposed NLSMC 

solves this particular problem, which is a combination of composite nonlinear feedback 

(CNF) technique and SMC technique. 

      In this section nonlinear sliding mode controller (NLSMC) is proposed for controlling 

the DC-link voltage and a novel switching dynamics is designed for controlling switching 

frequency of UPQC for improving the PQ problems such as current harmonics, supply 

voltage sag/swell, supply voltage unbalance and voltage distortion of power distribution 

network. NLSMC can vary a system‟s closed loop damping ratio in its nonlinear surface. At 

first, the nonlinear surface preserves the damping ratio at a low value and regularly varies it 

towards an ultimate high value to guarantee a fast response, when DC-link voltage 

approaches a set point. Furthermore, an improved switching dynamics for hysteresis band 

(HB) has been designed along with the SRF based reference generation technique in UPQC. 

The HB is controlled by variation of reference signals, DC-link capacitor voltage, 

compensating current and compensating voltage in order to maintain switching frequency 

constant under any operating conditions, whereas SRF algorithm is utilized within its control 

structure for rapid extraction of reference signal useful for HB calculation. This switching 

dynamics control technique preserves entire benefits of band controller and avoids 

disturbances such as a frequent band violation. The proposed control technique is validated 

through extensive simulation and real-time experimental studies are accomplished by using 

HIL system in OPAL-RT simulator (OP5600) with OP5142 Xilinx SPARTAN-

3(3xc3s5000) field programmable gate array (FPGA) processor for user interconnection. A 

comparative assessment has been performed between proposed NLVGF modified SRF 

control strategy and proposed NLMSC modified SRF controller technique.  

3.4.1 Nonlinear sliding mode control scheme for DC-link voltage control 

      Generally the shunt APF of UPQC is responsible for DC-link voltage regulation. Thus, 

the proposed NLSMC scheme is designed for a shunt APF for DC-link voltage regulation. 

Schematic diagram of the shunt APF is depicted in Fig.3.6 (a). The conventional dynamic 

equations of plant model in a d-q frame are presented in Eq. (3.35) and (3.36). The plant 

system representation model is depicted in Fig.3.6 (b) and the step response of proposed 

NLSMC scheme with initial and final damping ratio and settling time is displayed in Fig.3.6 
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(c). From this step response, it can be seen that both peak overshoot and settling time are 

essentially low on account of the proposed NLSMC scheme. 

dq dq

dX
AX Bu Ev

dt
                                                                                                      (3.35)                                                                                                                                                               

dqy CX                                                                                                                            (3.36) 

          
                                                           (a) 

                     
                                                          (b)                                  

          
                                                           (c) 

Fig.3.6 System configuration and response of UPQC, (a) Schematic diagram of shunt 

voltage source inverter, (b) System representation of part of the plant model of shunt APF, 

(c) Step response of the proposed method with initial and final condition of damping ratio 

and settling time. 
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 where, 

_ _

, , ,

1
0 0

1
, 0 , 0 ,
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0
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1 0 0

0 1 0

0 0 1

   

            
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






T

d q dc

shf d dc

shf shf shf shf

shf q dc

shf shf shf shf

q f d f qd

dc dc dc dc

X i i V

R u V
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R u V
A B E

L L L L

u i iu

c c c c

c










   

      where X , dqu , dqv and dqy  represent the state-space vector, control input vector, input 

disturbance vector and control output vector respectively. The switching function ks of the 

thk leg of the VSI is defined as 

'

'

1,

0,

k k

k

k k

if T is on and T is off
s

if T is off and T is on


 


                                                                                         (3.37) 

Assume ck k dcv s V , switching state action nku is characterized as  

3

1

1

3
nk k j

j

u s s


 
   
 

                                                                                                          (3.38) 

      In order to acquire a quick dynamic response, the switching state function du and qu  are 

defined from Eq. (3.35).  

_

_

 





d shf c q d

d

dc

q shf c d

q

dc

L i v
u

V

L i
u

V

 

 
                                                                                                 (3.39)                                                                                                                                          

 where, 
  

         

shfc
c

shf

Rdi
i

dt L
  



Chapter-3                                       Nonlinear DC-link voltage Controller with MSRF based UPQC 

66 
 

      The inputs du and qu are consisting of a linear decoupling compensation term and a 

nonlinear term. To accomplish a   quick dynamic response and zero steady-state errors, the 

nonlinear sliding surface for the system is defined as, 

1 1
1 2 12

2 2

( ) ( )
( , ) ( ) [ ] ( ) 1

( ) ( )

T T
sp

z t z t
s z t I c z t c c F y A p

z t z t

   
         

   
                                      (3.40) 

      where, spI is the peak value of supply current, F is the linear gain matrix, (y) is the  

nonlinear function, P is the positive-definite matrix and 12
TA  can be defined from Eq. (3.35) 

by representing it to be a regular form.  

11 12

21 22

reg

A A
A

A A

 
  
 

                                                                                                                (3.41) 

 where    11 12 21 22

33
, , , 0

2 2

   
   

           
     

     

shf d

shfshf qd

qshf dc dc

shfshf

R u

LL uu
A A A A

uR c c

LL





 

  The value of 1( )z t  and 2 ( )z t of Eq. (3.40) are defined as  

1 1 1( )z t x y                                                                                                                         (3.42)                                                                                                                                                                             

2 2 2( )z t x y                                                                                                                       (3.43)  

where, 1x  is obtained from the average DC bus voltage dcV  and its reference value _dc refV . 

1 _ ( ) ( )en dc ref n dc nx v V V                                                                                                   (3.44) 

 And derivative of 1x  is defined as 

 2 1

1
( ) ( 1)e ex x v n v n

T



                                                                                               (3.45)  

where T is the sampling time.  

In sliding mode approach, the switching function values 1y and 2y  are defined as follows. 

1 1

1

2 2

2

1 0

1 0

1 0

1 0

y if gx

if gx

y if gx

if gx

  

  

  

  

                                                                                                           (3.46) 
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where g is the switching function and can be represented as 3 1 4 2g c x c x  . 3c , 4c are 

constants. 

      The nonlinear sliding surface defined in Eq. (3.40) is composed of a linear and nonlinear 

term. Primarily nonlinear terms are zero and subsequently the linear term chooses initial 

damping ratio 1 and settling time st . From Eq. (2.40) 2 1c   and 1c  can be defined as 

1 12( ) Tc F y A P                                                                                                             (3.47) 

      Here F  is designed for initial low damping ratio 1( 0.4)  and initial high settling time

1( 0.25)st   and a matrix of F can be found by using the pole placement technique. 

Locations of the poles are at  2 1 n     and  2 1 n     , where the value of 

natural frequency of oscillation n can be calculated from known values of the damping 

ratio  and the settling time st . Thus, n can be written as  4n st  . Accordingly poles 

of the close-loop system are found to be placed at 16 36.6606i  . Using pole placement 

technique, the gain matrix is found as [0.1738 0.9723]F  . Considering final damping ratio 

as 2 0.86 and settling time as 2 0.12st  , the required gain matrix 2k can be computed as 

2 [0.0804 0.9888]k  using pole placement technique. 

      The nonlinear function ( )y changes from 0 to   as output changes from its initial 

value to final value. It is given in [100,101,102] that the introduction of this function 

changes the damping ratio of the system from its initial value 1( )  to the final value 2( ) , 

where 2 1  . When ( )y  is zero at 0t  , the damping ratio 1( )  is contributed by F . 

When its output reaches the final value, the steady state value of ( )y becomes ( )y     

and the final damping ratio 2( )  is contributed by 2k . Therefore, ( )y can be written as 

2

( ) yy e                                                                                                                    (3.48) 

      where  is a positive constant that should have a large value to ensure a small initial 

value of  , y  is the dc-link voltage and  is the tuning parameter, which is determined by 

the required gain of 2( )k and ( )F .Thus, the resulting equation is defined as 

2 12
Tk F A P                                                                                                                   (3.49) 



Chapter-3                                       Nonlinear DC-link voltage Controller with MSRF based UPQC 

68 
 

In order to realize the desired damping ratio, the above equation can be equivalently 

expressed as                                                                         

2

12
T

k F

A P


                                                                                                                        (3.50) 

      Eq. (3.50) decides the value of  .This parameter helps to choose the damping ratio in 

conjunction with matrix P , which is determined using LMI technique based on Eq. (3.51) as 

follows 

   11 12 11 12

T
A A F P P A A F Q                                                                                  (3.51)           

      where, 2 2p R   can be chosen based on the desired final damping ratio 2 and Q  is the 

positive-definite matrix.  

3.4.2 Proposed SRF based control strategy 

      The SRF-based control strategy is depicted in Fig. 3.7. The SRF control method is one 

of the best methods for generation of reference signal during disturbance and uncertainty 

condition of power system network [43]. For generation of reference signal, the source 

voltages are applied to a MPLL block, where three phase unit vector signals and sine-cosine 

signals are generated as described in subsection-3.3.2 . Three phase unit vector signals are 

transformed to 0d q  coordinate to obtain real component ( )du and reactive component

( )qu . These components are multiplied with the peak amplitude of the source current ( )spI , 

generated using NLSMC scheme and get inverse transformed to a b c   coordinate for 

generating the source reference current. Compensating reference current _( )c refi  is obtained 

by taking the difference between the load current and source reference current.  For series 

APF, the reference voltage generation can be used for solving the voltage power quality 

(PQ) problems. The control structure is primarily dependent on the integration of source 

voltage feed-forward ( )( )S d qV   and load voltage feedback ( )( )L d qV  .The feed-forward 

controller delivers the essential transient response and calculates the required compensating 

voltage _( )c dqV  by taking difference between the supply voltage ( )d qVs  and load reference 

voltage _ ( )( )Load ref d qV  . However, it doesn‟t consider voltage losses due to drop across the 

injection transformer and LC filters. 
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      Therefore closed loop voltage feedback compensation _Lc dqV  is added to minimize 

losses by passing the difference between load voltage ( )( )L d qV   and reference load voltage

_ ( )( )Load ref d qV   through the PI controller (kp=0.20 and ki=2.40, Refer Appendix-2). These 

losses are added to the injected compensating voltage _c dqV  to produce compensating 

reference voltage _ c dq refV  and finally inverse transformation is performed to obtain 

reference compensating voltages _c refV . 

3.4.3 Analysis of switching dynamics in shunt APF 

      Design of switching dynamics of shunt APF is a significant concern for controlling the 

switching band of hysteresis controller in transient condition. Instead of considering three-

phase VSI, a single phase VSI supported the DC-link capacitor is taken into account for 

simpler analysis. Fig.3.8 (a) shows schematic circuit for a single-phase shunt APF and 

tracking of the reference current _ca refi is presented in Fig.3.8 (b). 

       

 
                                                                       

                      Fig.3.7 Proposed NLSMC with MSRF based control strategy for UPQC. 
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    The higher and lower boundary limits are generated by adding and deducting hysteresis 

band for the compensating reference current. For tracing a positive reference current at 

particular time 't , switch 1Q is closed and 2Q  is opened, as a result of which capacitor 

voltage
2

dcV 
 
 

is linked to inverter and also the reference current cai increases  from 

_( )ca refi h  to _( )ca refi h . When it reaches a higher limit _( )ca refi h , the reference current 


cai  needs to be fetched towards the lower band. To achieve this event, switch 1Q  is opened 

and 2Q  is closed and consequently capacitor voltage  
2

dcV 
 
 

 is coupled to the shunt APF 

for rising of negative reference current slope from instant ''t  to '''t . 

        For designing the switching band, current waveform within a modulation cycle is 

considered as shown in Fig.3.8 (b). When switch 1Q conducts, the corresponding voltage 

equation becomes 

0
2
   dc ca

a ca shfa shfa

V di
V i R L

dt
                                                                                      (3.52) 

Thus 

1

2

 
   

 

ca dc
a ca shfa

shfa

di V
V i R

dt L
                                                                                       (3.53) 

1

2
ca

on

di HB

dt t
                                                                                                                      (3.54)  

Then on-time ( 1ont ) becomes 

1

2
on

ca

HB
t

di

dt

                                                                                                                        (3.55) 

Applying the value of cadi dt  in the Eq. (3.55), 1ont becomes 

1

2

.
2



 

shfa

on
dc

a ca shfa

HBL
t

V
V i R

                                                                                                   (3.56) 

Similarly, when switch 2Q conducts, the voltage equation becomes 
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0
2

    dc ca
a ca shfa shfa

V di
V i R L

dt
                                                                                   (3.57) 

                           

                                                          (a)        

                               
                                                          (b)        

Fig.3.8. Switching dynamics analysis for the shunt APF, (a) Schematic circuit of equivalent 

single phase shunt APF, (b) Schematic diagram of switching dynamics for shunt APF. 

Thus  

1

2

 
    

 

ca dc
a ca shfa

shfa

di V
V i R

dt L
                                                                                    (3.58)                                                                                                                                                     

The negative rise of current through the period 
''t to 

'''t becomes 

1

2
ca

off

di HB

dt t
                                                                                                                    (3.59) 

Then off-time ( 1offt ) becomes 

1

2
off

ca

HB
t

di

dt

                                                                                                                    (3.60) 
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Applying the value of cadi dt  in the Eq. (3.60), 1offt becomes 

1

2

2



 

shfa

off
dc

a ca shfa

HBL
t

V
V i R

                                                                                                   (3.61) 

The switching frequency ( )cf is obtained by adding Eq. (3.56) and (3.61).  

1 1

1 1

2 2

2 2

 
    

   
   

      
   

c

on off

shfa shfa

dc dc
a ca shfa a ca shfa

f
t t

HBL HBL

V V
V i R V i R

                                          (3.62)   

Eq. (3.63) can be obtained after simplifying Eq. (3.62). 

2
21

( )
2 4

 
   

 

dc
c a ca shfa

dc shfa

V
f V i R

V HBL
                                                                        (3.63)                                                                                                                                          

From Eq. (3.63), the hysteresis band can be obtained as,   

2
21

( )
2 4

 
   

 

dc
a ca shfa

dc c shfa

V
HB V i R

V f L
                                                                         (3.64)                                                                                                                                        

      where aV , dcV , shfaL and cai are the source voltage, dc-link voltage, coupling inductor and  

compensating current respectively. For symmetrical operation of all three phases, it can be 

expected that HB  profiles , ,a b cHB HB HB will almost be same, but have a phase difference. 

3.4.4 Analysis of switching dynamics in series APF 

      The primary function of a series APF is to suppress the sag/swell, voltage distortion and 

voltage unbalance from supply voltage. To accomplish this job accurately, the appropriate 

design of switching band is an important concern. The boundaries of switching band are 

created using a hysteresis band ( h ) as well as the reference voltage _ca refV , the lower and 

higher boundaries are defined as ( _ ca refV h ) and ( _ ca refV h ) respectively. 

      To make the analysis easier, a single phase series APF having a dc-link capacitor is 

taken into account as illustrated in Fig.3.9 (a). A single phase equivalent of series APF with 

exterior circuit parts is presented in Fig.3.9 (b), where gR is the switching band resistor, 

added in series with filter capacitor to make the switching band more linear in comparison to 
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the switching band present during only capacitor filter, sirV  is the equivalent voltage source 

and ( )p p pZ R jwL   is the equivalent impedance exterior to the series APF. To originate a 

relation involving switching frequency along with some additional parameters, one period of 

switching action is demonstrated in Fig.3.9 (b). Since both positive and negative reference 

voltages are same for band control operation, we take into account first positive reference 

voltage. 

    
                                   (a)                           (b) 

Fig.3.9. Switching dynamics analysis for the series APF, (a) Schematic circuit of equivalent 

single phase series APF, (b) Equivalent circuit of series APF by exterior circuit and switching 

action of band control. 

      When switch 1aQ  is on, a positive dc-link voltage 
2

dcV
 is applied over the filter 

elements. Applying KVL (Kirchhoff‟s voltage law) and KCL (Kirchhoff‟s current law), 

following equations are obtained. 

1 2
  

inja dc
sefa sefa inja ca

on

di V
L R i V

t
                                                                                       (3.65)                                                                                                                                                           

 inja ia cfadi di di                                                                                                               (3.66) 

      Injection current is slowly varied in nature in comparison to the capacitor current. Thus 

variation of inverter current is nearly equal to the variation in the capacitor current without 

losing accuracy. Thus Eq. (3.66) becomes 

inja cfadi di                                                                                                                        (3.67) 
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Rearranging the aforementioned equation for calculating the length of positive slope, 1ont  

can be obtained as, 

1

2



 

sefa cfa

on
dc

sefa inja ca

L di
t

V
R i V

                                                                                                  (3.68)                                                                                                                                                       

Further a negative slope is obtained by making the switch 2aQ on. This provides a inverter 

output voltage as 
2

dcV
 . The series APF voltage is discharged through capacitor current to 

reach the lower limit of ( _ ca refV h ). Similar to positive slope, the following equations are 

obtained for negative slope. 

1 2
  

inja dc
sefa sefa inja ca

off

di V
L R i V

t
                                                                                       (3.69) 

 inja cfadi di                                                                                                                      (3.70) 

1

2



 

sefa cfa

off
dc

sefa inja ca

L di
t

V
R i V

                                                                                                (3.71)  

Thus the complete time length of one switching period can be calculated as 

1 1 2 2

4

(2 2 )
  

 

dc
sw on off sefa cfa

dc sefa inja ca

V
T t t L di

V R i V
                                                         (3.72) 

Modification in capacitor current cfadi may be found from the capacitor dynamic equation 

1
 ca cfa g cfa

efa

V i dt R i
C

                                                                                                   (3.73) 

Differentiating the aforementioned equation, the variation of the capacitor current can be 

defined as  

11  
  

 
 

cfa on

cfa ca

g efa

i t
di dV

R C
                                                                                                (3.74) 

Since series APF voltage  caV is excellently tracking the reference voltage  _ca refV , then 

_ca ca refV V . 

      Because of a negligible voltage drop across the capacitor at high frequency, the variation 

of capacitor voltage is minimized. Thus 
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   _ _

1

2

( )
0

     



 


ca ca ref ca ref

cfa on

cfa

efa

dV V h V h HB

i t
dV

C

                                                                   (3.75)                                                                                                                

  Substituting Eq. (3.75) in Eq. (3.74), the variation of capacitor current is procured as 

2
cfa

g

HB
di

R
                                                                                                                      (3.76) 

Substituting Eq. (3.76) in Eq. (3.72), the time required for one switching period is obtained 

as 

2 2

8

(2 2 )


  
 

sefa dc

sw

g dc sefa inja ca

L HBV
T

R V R i V
                                                                                (3.77) 

A fundamental component can only be assumed in the reference voltage and the switching 

frequency of the band controller can be expressed as 

2 24( )

8

  
 

g dc sefa inja ca

sw

sefa dc

R V R i V
f

L HBV
                                                                                  (3.78) 

From Eq. (3.78), it is perceived that the switching frequency relies on g sfR L ratio, 

capacitor voltage, voltage drop in filter resistance, reference voltage and band ( h ). 

Simplifying Eq. (3.78), the hysteresis band for series APF is obtained as 

2
2( )

2 4

 
   

 

g dc
sefa inja ca

dc sw sefa

R V
h R i V

V f L
                                                                        (3.79)   

3.5 Performance analysis 

3.5.1 Simulation and real-time HIL based OPAL-RT result of NVGF based modified SRF 

theory 

      To verify the effectiveness of UPQC, the proposed control strategy has been tested using 

MATLAB/SIMULINK and real-time HIL based OPAL-RT system. The system parameters 

are given in the Appendix-1. For simulation and experimental analysis, a step change of load 

at 0.15 s is considered for transient performance. Further, 20% of sag/swell creation between 

0.12 s to 0.18 s for 4 cycles, source voltage harmonic creation by adding 5
th 

and 7
th

 harmonics 

to the source voltage and voltage unbalance formation by varying of phase-a amplitudes up 

to 40%  from its nominal value are considered.  
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      Fig.3.10 and 3.11 illustrate the simulation and real-time experimental results respectively 

for performance of PLL in voltage distortion condition. Fig.3.10 demonstrates the 

simulation results for the transformation angle ( t ) and unit sine vector along with the 

conventional PLL [60] and modified PLL from top to bottom order. Similarly, Fig.3.11 (a) 

and (b) show the real-time experimental result of transformation angle ( )t for the 

conventional PLL and modified PLL technique respectively. From this figure it is observed 

that the transformation angle ( )t of the modified PLL has a negligible oscillation under 

highly distorted condition in comparison to the conventional PLL. Thus, unit sine vector 

signal generation using modified PLL shows perfect result, where as some distortions are 

present in the unit sine vector generated by using conventional PLL depicted in Fig.3.11 (c) 

and (d). As a result modified PLL can give better performance and provide an adequate 

reference signal in all operating conditions of power system network.  

                                
Fig.3.10 Performance of conventional and modified PLL during voltage distortion condition 

      Fig.3.12 and 3.13 illustrate the details of simulation and experimental results for shunt 

APF of UPQC during steady-state and load transient condition. Fig.3.12 (a) and (b) provide 

the information about compensating current and source current under steady-state condition. 

Fig.3.12 (c) and 3.13 (a) show the performance of NVGF Controller for controlling the dc-

link voltage during transient state condition of load. The load parameters are changed to 
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( 25LR    and 34 )LL mH  from 0.15t s to 0.3t s . Fig.3.12 (d) and 3.13 (b) provide 

the information regarding source current before compensation and it is observed from the 

figure that source current is changed its current amplitude from 47 A to 67 A at t=0.15 s. 

Fig.3.12 (e) and (f) as well as Fig. 3.13 (c) and (d) provide the information regarding 

compensating current and source current after compensation respectively. It is observed 

from the figure that, the shunt APF performance is quite satisfactory during load side 

transient condition. Thus, the source current is sinusoidal in nature.  Additionally, Fig.3.12 

(g) and (h) convey the information regarding the THD of source current before and after 

compensation during steady-state condition and they are observed to be 28.3 % and 3.83 % 

respectively. Similarly, Fig.3.12 (i) and (j) provide the information about the THD of source 

current before and after compensation under transient-state condition and they are found to 

be 31.8 % and 4.17 % respectively. 

      
                                    (a)                                  (b) 

  
                                    (c)                                 (d) 

 Fig.3.11 Real-time experimental results of PLL algorithm under distorted supply condition,  

(a) Transformation angle ( )t of conventional PLL (scale: 2 V/div), (b) Transformation 

angle ( )t of modified PLL (scale: 2 V/div), (c) Unit vector signal from conventional PLL 

(scale: 1 V/div), (d) Unit vector signal from modified PLL (scale: 1 V/div). 
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                                       (a)                                   (b) 

 
                                       (c)                                   (d) 

 
                                       (e)                                  (f) 

    
                                      (g)                                  (h) 

 
                                   ( i)                                  (j) 

Fig.3.12 Simulation results, (a) Compensation current during steady-state condition, (b) 

Source current after compensation during steady-state condition, (c) dc-link voltage under  

transient condition, (d) Source current before compensation during transient-state condition, 

(e) Compensation current during transient-state condition, (f) Source current after 

compensation during transient-state condition, (g) Source current spectrum before 

compensation during steady-state condition, (h) Source current spectrum after compensation 

during steady-state condition (i) Source current spectrum before compensation during 

transient-state condition, (j) Source current spectrum after compensation during transient-

state condition. 
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                                  (a)                          (b) 

 
                                  (c)                            (d) 

Fig.3.13 Real-time experimental results, (a) dc-link voltage under transient condition, (b) 

Source current before compensation (scale: 52 A/div), (c) Compensation current (scale: 40 

A/div), (d) Source current after compensation (scale: 55 A/div). 

 
                                       (a)                                   (b) 

 
                                       (c)                                  (d) 

                               
                                                                      (e) 

Fig.3.14 Simulation results during sag condition, (a) DC-link voltage, (b) Source voltage, (c) 

Compensation voltage, (d) Load voltage, (e) Load voltage spectrum after compensation. 
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                                   (a)                           (b) 

 
                                  (c)                           (d) 

Fig.3.15 Real-time experimental results during sag condition, (a) DC-link voltage, (b) 

Source voltage (scale: 200 V/div), (c) Compensation voltage (scale: 65 V/div), (d) Load 

voltage after compensation (scale: 200 V/div). 

  
                                        (a)                                      (b) 

 
                                        (c)                                     (d) 

                                      
                                                                        (e) 

Fig.3.16 Simulation results of swell condition, (a) DC-link voltage, (b) Source voltage, (c) 

Compensation voltage, (d) Load voltage after compensation, (e) Load voltage spectrum after 

compensation. 
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                                     (a)                                (b) 

 
                                     (c)                                  (d) 

Fig.3.17 Real-time experimental results during swell condition, (a) DC-link voltage, (b) 

Source voltage (scale: 200 V/div), (c) Compensation voltage (scale: 73 V/div), (d) Load 

voltage (scale: 200 V/div). 

      Fig.3.14 and 3.15 depict the simulation as well as real-time experimental results of dc-

link voltage, supply voltage, compensating voltage and load voltage after compensation 

during sag voltage condition. Fig. 3.14 (a) and 3.15 (a) show the DC-link voltage of 

proposed method during sag condition. Fig.3.14 (b) and 3.15 (b) show the waveform of 

voltage sag of 4 cycles with a depth of 20 % and its corresponding compensating voltage 

and load voltage after compensation are shown in Fig.3.14 (c) and (d) as well as Fig.3.15 (c) 

and (d) respectively. 

      From the figure it is clear that the proposed control strategy can compensate the voltage 

sag accurately and regulate the load voltage to its nominal value. Fig.3.14 (e) displays THD 

information of load voltage after compensation and it is found to be 2.55 %. Similarly, 

Fig.3.16 and 3.17 illustrate the simulation as well as real-time experimental results of dc-

link voltage, supply voltage, compensating voltage and load voltage after compensation 
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during swell conditions. Fig.3.16 (a) and 3.17 (a) show the dc-link capacitor voltage during 

the voltage-swell condition of proposed controller. Fig.3.16 (b) and 3.17 (b) show the 

waveform of voltage swell of 20 % obtained for 4 cycles and its corresponding 

compensating voltage and load voltage are shown in Fig. 3.16 (c) and (d) as well as Fig.3.17 

(c) and (d)  respectively. 

      It is observed from the figure that the proposed control strategy can compensate the 

voltage swell existing in the supply voltage and regulate the load voltage to its nominal 

value. Fig. 3.16 (e) shows the information regarding THD spectrum of load voltage after 

compensation, and its THD is around 2.43 %. Fig.3.18 (a) and 3.19 (a) provide information 

about simulation as well as experimental results of dc-link capacitor voltage during 

unbalanced supply voltage condition. Fig.3.18 (b), (c) and (d) as well as Fig.3.19 (b), (c) and 

(d) show the unbalanced source voltage, compensating voltage and load voltage after 

compensation of the proposed method respectively. Fig. 3.18 (e) shows the THD spectrum 

of load voltage after compensation and it is found to be 2.88 %. 

 
                                      (a)                                    (b) 

 
                                      (c)                                      (d) 

                             
                                                                     (e) 

Fig.3.18 Simulation results during unbalanced supply condition, (a) DC-link voltage, (b) 

Source voltage, (c) Compensation voltage, (d) Load voltage after compensation, (e) Load 

voltage spectrum after compensation. 
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                                    (a)                                (b) 

    
                                    (c)                                 (d) 

Fig.3.19 Real-time experimental results during unbalanced supply condition, (a) DC-link 

voltage, (b) Source   voltage (scale: 200 V/div), (c) Compensation voltage (scale: 80 V/div), 

(d) Load voltage after compensation (scale: 200 V/div). 

 
                                        (a)                                      (b) 

 
                                      (c)                                    (d) 

 
                                      (e)                                    (f) 

Fig.3.20 Simulation results during distorted supply condition, (a) DC-link voltage, (b) 

Source voltage, (c) Compensation voltage, (d) Load voltage after compensation, (e) 

Distorted supply voltage spectrum, (f) Load voltage spectrum after compensation. 



Chapter-3                                       Nonlinear DC-link voltage Controller with MSRF based UPQC 

84 
 

     
                                  (a)                         (b) 

                                     
                                  (c)  

Fig.3.21 Real-time experimental results under distorted supply voltage condition, (a) Source 

voltage (scale: 200 V/div), (b) Compensation voltage (scale: 25 V/div), (c) Load voltage 

after compensation (scale: 200 V/div) and DC-link voltage (scale: 330 V/div).  

      Fig. 3.20 and 3.21 depict the simulation and experimental results during voltage 

distortion condition. Fig.3.20 (a) shows the simulation result of DC-link capacitor voltage 

during supply voltage distorted condition. Furthermore, Fig. 3.20 (b), (c) and (d) represent 

the simulation result of source voltage, compensating voltage and load voltage after 

compensation respectively. Fig.3.20 (e) and (f) illustrate the THD spectrum of load voltage 

before and after compensation and they are observed to be 10.24 % and 3.23 % respectively. 

Fig. 3.21 (b), (c) and (d) represent the experimental results of source voltage, compensating 

voltage, load voltage after compensation and dc-link voltage respectively.  

3.5.2 Simulation and real-time HIL based OPAL-RT result of NLSMC based modified SRF  

        theory 

      For simulation and experimental analysis, a step change of load at 0.15s is considered for 

transient performance. Also, 20 % of sag/swell creation between 0.12 s to 0.21 s for 5 cycles, 

source voltage distortion by adding 5
th

 and 7
th 

harmonics to the source voltage and voltage 
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unbalance formation by varying of phase a and phase c amplitudes up to 30%  and 20%  

respectively from its nominal value are considered.  

        

                                    (a)                                   (b) 

Fig.3.22. Hysteresis band and switching patterns for shunt and series inverter, (a) Hysteresis 

band for shunt and series inverter, (b) Switching patterns for shunt and series inverter. 

    

                    

Fig.3.23. Tracking Performance of fixed hysteresis controller and NLSM with adaptive  

                hysteresis controller. 
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                                     (a)                                      (b) 

 
                                     (c)                                     (d) 

 
                                     (e)                                     (f) 

  
                                     (g)                                     (h) 

  
                                      (i)                                     (j) 

Fig.3.24 Simulation results, (a) Compensation current during steady-state condition, (b) 

Source current after compensation during steady-state condition, (c) DC-link voltage under  

transient condition, (d) Source current before compensation during transient-state condition, 

(e) Compensation current during transient-state condition, (f) Source current after 

compensation during transient-state condition, (g) Source current spectrum before 

compensation during steady-state condition, (h) Source current spectrum after compensation 

during steady-state condition (i) Source current spectrum before compensation during 

transient-state condition, (j) Source current spectrum after compensation during transient-

state condition. 
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                                         (a)                                    (b) 

      
                                         (c)                                     (d) 

Fig.3.25 Real-time experimental results, (a) DC-link voltage under transient condition, (b) 

Source current before compensation (scale: 52 A/div), (c) Compensation current (scale: 40 

A/div), (d) Source current after compensation (scale: 55 A/div). 

      Fig.3.22 (a) and (b) show the switching bands and switching patterns of both shunt and 

series APF of UPQC. For shunt APF the band violation is negligible during load changing 

conditions, thus tracking performance of compensating current is improved with greater 

reduction of ripples in the source current. In case of series APF, band violation is less during 

sag condition and band voltage is almost linear. Thus, it improves the tracking performance 

of compensating voltage, which in turn leads to better compensation capability to load 

voltage. The compensating current and voltage tracking performances during sag condition of 

fixed hysteresis controller and proposed NLSMC with adaptive hysteresis controller are 

sequentially presented in Fig.3.23. From the figure, it is clear that the proposed control 

strategy exhibits better tracking performance irrespective of disturbance occurring in load 

side or source side.  
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      The performance of shunt APF with proposed controller using simulation study and real-

time experimental study are shown in Fig.3.24 and 3.25 with load transient conditions. 

Fig.3.24 (a) and (b) provide the information about compensating current and source current 

under steady-state condition. Fig.3.24 (c) and 3.25 (a) show the performance of NLSMC 

method for controlling the dc-link voltage during transient state condition of load. Fig.3.24 

(d), (e) and (f) as well as Fig.3.25 (b), (c) and (d) provide the information regarding  

simulation and experimental results of source current before compensation, compensating 

current and source current after compensation respectively. It is observed from the figure 

that, the proposed NLSMC with modified SRF control strategy can provide better 

compensation as compared to NVGF with modified SRF controller.  

      Thus, the source current in NLSMC is more sinusoidal in nature in comparison to the 

NLVGF controller. Fig. 3.24 (e) and (f) show the information regarding the THD of source 

current before and after compensation during steady-state condition. Fig. 3.24 (g) and (h) 

show the information about the THD of source current before and after compensation during 

transient-state condition. Table 3.1 lists the THD of source current before and after 

compensation employing NVGF control method and NLSMC method. It is indicated from 

the Table that THD of the source current before compensation during steady-state and 

transient-state conditions are found to be 28.3 % and 31.8 % respectively. However, THD of 

source current after compensation during steady-state and transient-state conditions are found 

to be 3.83 % and 4.17 % respectively in NVGF controller. whereas, in case of NLSMC 

method the source current after compensation during steady-state and transient-state are 

found to be 3.54 % and 3.87 % respectively.  

      Fig.3.26 and 3.27 depict the simulation and experimental results of series APF with 

NLSMC method during voltage distortion condition. Fig.3.26 (a) and 3.27 (a) show the 

simulation and experimental results of DC-link capacitor voltage during supply voltage 

distorted condition. Moreover, Fig 3.26 (b), (c) and (d) represent the simulation results of 

source voltage during distorted condition, compensating voltage and load voltage after 

compensation respectively. Similarly, Fig. 3.27 (b), (c) and (d) represent the experimental 

result of source voltage during distorted condition, compensating voltage and load voltage 

after compensation respectively. Fig.3.26 (e) and (f) illustrate the THD spectrum of load 

voltage before and after compensation and they are found to be 10.24 % and 3.04 % 
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respectively. Table 3.1 gives the THD analysis of both NVGF controller and NLSMC 

method. From the tabulation it is clear that the proposed NLSMC strategy can satisfactorily 

eliminate all the distortion in the source voltage by injecting proper compensation voltage 

and makes the load voltage free from all such disturbances which confirms the superiority of 

the proposed NLSMC strategy over NVGF control strategy.  

      Fig. 3.28 and 3.29 show simulation and real-time experimental result of the sag voltage 

compensation performance. Fig. 3.28 (a) and 3.29 (a) show the DC-link voltage of proposed 

NLSMC method during supply voltage sag condition.  Fig.3.28 (b), (c) and (d) as well as  

3.15 (b), (c) and (d) show the waveform of  supply voltage sag of 5 cycles with a depth of 

20 %, compensating voltage and load voltage after compensation respectively. It is observed 

from the figure that, the series APF is utilized to compensate the load voltage around its 

nominal value by proper injection of compensating voltage through series transformer. Fig. 

3.28 (e) displays THD spectrum of load voltage after compensation and it is found to be 

2.32 %. Table 3.2 gives the THD comparison of load voltage using both the control 

technique.   

  

                                      (a)                                    (b) 

  
                                     (c)                                     (d) 

     
                                     (e)                                    (f) 

Fig.3.26 Simulation results during distorted supply condition, (a) DC-link voltage, (b) 

Source voltage, (c) Compensation voltage, (d) Load voltage after compensation, (e) 

Distorted supply voltage spectrum, (f) Load voltage spectrum after compensation. 
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                                   (a)                            (b) 

  
                                  (c)                           (d) 

Fig.3.27 Real-time experimental results under distorted supply voltage condition, (a) DC-

link voltage, (a) Source voltage (scale: 200 V/div), (b) Compensation voltage (scale: 25 

V/div), (c) Load voltage after compensation (scale: 200 V/div).  

 
                                          (a)                                  (b) 

 
                                          (c)                                  (d) 

                              
                                                                   (e) 

Fig.3.28 Simulation results during sag condition, (a) DC-link voltage, (b) Source voltage, (c) 

Compensation voltage, (d) Load voltage, (e) Load voltage spectrum after compensation. 
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                                    (a)                                (b) 

 
                                   (c)                               (d) 

Fig.3.29 Real-time experimental results during sag condition, (a) DC-link voltage, (b) 

Source voltage (scale: 200 V/div), (c) Compensation voltage (scale: 65 V/div), (d) Load 

voltage (scale: 200 V/div). 

      Fig.3.30 and 3.31 demonstrate the simulation as well as real-time experimental results of 

swell conditions using NLSMC method. Fig. 3.30 (a) and 3.31 (a) show the dc-link 

capacitor voltage of proposed controller during the voltage-swell condition. Fig.3.30 (b) and 

3.31 (b) show the waveform of voltage swell of 20 % obtained for 5 cycles and its 

corresponding compensating voltage and load voltage are shown in Fig.3.30 (c) and (d) as 

well as Fig.3.31 (c) and (d)  respectively. It is observed from the figure that the proposed 

control strategy can compensate the voltage swell existing in the supply voltage and regulate 

the load voltage to its nominal value. Fig. 3.30 (e) shows the information regarding THD 

spectrum of load voltage after compensation and its THD is found to be 2.27 %. 

      Table 3.2 provides the THD information of load voltage during supply voltage swell 

condition using both the control methods. It is observed from the table that proposed NLSMC 
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technique can enhance the compensation capability by reducing amount of ripple in the load 

voltage. Fig.3.32 and 3.33 show the simulation and experimental results of compensation 

performance of series APF of UPQC for compensating unbalance source voltage. Fig. 3.32 

(a) and 3.33 (a) provide information about simulation as well as experimental results of dc-

link capacitor voltage during unbalanced supply voltage condition. Fig. 3.32 (b), (c) and (d) 

as well as Fig. 3.33 (b), (c) and (d) show the unbalanced supply voltage, compensating 

voltage and load voltage after compensation using proposed NLSMC method respectively. 

Fig. 3.32 (e) shows the THD spectrum of load voltage after compensation and it is about 

2.71 %. 

      Table 3.2 provides the THD information of load voltage during supply voltage unbalance 

condition using both the control technique. It is clear from the table that, the proposed control 

strategy can satisfactorily compensate the unbalance present in the source voltage by 

injecting proper compensation voltage and makes the load voltage free from all such 

disturbances, which confirms the superiority of the proposed NLSMC strategy over NVGF 

controller.  

 
                                      (a)                                      (b) 

 
                                      (c)                                     (d) 

                               
                                                                        (e) 

Fig.3.30 Simulation results of swell condition, (a) DC-link voltage, (b) Source voltage, (c) 

Compensation voltage, (d) Load voltage after compensation, (e) Load voltage spectrum after 

compensation. 
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                                         (a)                                  (b) 

         
                                          (c)                                     (d) 

Fig.3.31 Real-time experimental results during swell condition, (a) DC-link voltage, (b) 

Source voltage (scale: 200 V/div), (c) Compensation voltage (scale: 73 V/div), (d) Load 

voltage (scale: 200 V/div). 

 
                                       (a)                                    (b) 

  
                                       (c)                                    (d) 

                                 
                                                                        (e) 

Fig.3.32 Simulation results during unbalanced supply condition, (a) DC-link voltage, (b) 

Source voltage, (c) Compensation voltage, (d) Load voltage after compensation, (e) Load 

voltage spectrum after compensation. 
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                                   (a)                                (b) 

 
                                  (c)                              (d) 

Fig.3.33 Real-time experimental results during unbalanced supply condition, (a) DC-link 

voltage, (b) Source voltage (scale: 200 V/div), (c) Compensation voltage (scale: 80 V/div), 

(d) Load voltage after compensation (scale: 200 V/div). 

                    Table 3.1. Comparison of source current THD and load voltage THD  

 

Type of condition 

 

Before 

Compensation 

Compensation with UPQC 

NVGF with 

modified SRF 

controller 

NLSMC with 

modified SRF 

controller 

Source current THD during 

Steady-state condition 

28.3 % 3.83 % 3.54 % 

Source current THD during 

Transient-state condition  

31.8 % 3.97 % 3.77 % 

Load voltage THD during 

distorted supply condition 

10.24 % 3.23 % 3.04 % 
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   Table 3.2. Comparison of load voltage THD during dynamic condition of supply voltage  

Type of condition Compensation with UPQC 

NVGF with modified 

SRF controller 

NLSMC with modified 

SRF controller 

Load voltage THD after 

compensation during supply voltage 

sag condition 

2.55 % 2.32 % 

Load voltage THD after 

compensation during supply voltage 

swell condition 

2.43 % 2.27 % 

Load voltage THD after 

compensation during supply voltage 

unbalance condition 

2.88 % 2.71 % 

3.6 Chapter Summary 

      This chapter starts with a discussion of structural design and operating principle of 

UPQC as well as two novel control strategies such as NVGF based modified SRF control 

technique and NLSMC with modified SRF technique. The average DC-link voltage 

regulation technique is the most interesting nonlinear control philosophy, which realises two 

control activities simultaneously to control the voltage across the DC-link capacitor and 

defines the amplitude of the source current.  

      Moreover, the reference generation strategy based upon proposed SRF is fairly simple 

and easy to implement. The MPLL design involved in this strategy is having an additional 

negative feedback applied in the inner loop of the conventional PLL, as a result, it is more 

immune to noise, distortion and harmonics indicating a perfect extraction of positive 

sequence signal during supply voltage distortion and unbalance condition. Also, this design 

can eliminate the transformation angle oscillation during conversion process, resulting in a 

fast and accurate extraction of the reference signal through all operating conditions of power 

system. Therefore, the complete control strategy is independent of all disturbances and 

oscillations present during the fault occurred in source as well as load sides and makes the 

UPQC robust against all operating conditions.  

      Among various modulation methods the hysteresis control seems to be the most suitable 

PWM controller for the shunt and series compensator. The hysteresis control technique has 

simpler implementation, improved system stability and increased reliability as well as 
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response speed. However, it is suffered from inherent switching losses and band violation 

during load as well as source side perturbations. 

      Therefore, this Chapter considers the switching dynamics control strategy for calculation 

of hysteresis band. Consequently, this control strategy can overcome drawbacks of band 

violation and switching losses occurring in the fixed hysteresis band, in presence of load as 

well as source perturbations. Therefore, the tracking performance of UPQC is improved, 

which drastically reduces the switching ripples present in the load voltage and source 

current. With the aforementioned views, it can be concluded that the proposed control 

strategy can enhance the performance of UPQC in all operating conditions by eliminating 

PQ problems such as current harmonics, voltage distortion, sag, swell and voltage 

unbalance. Furthermore, to study the effectiveness of this proposed NLSMC technique over 

NVGF controller technique, a comparative assessment has been performed using both load 

as well as supply side dynamic conditions. From the simulation and real-time simulation 

results, it is observed that the proposed NLSMC technique outperforms NVGF controller.  
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Chapter 4 

Optimization Based Reference Extraction Methods with 
Novel PWM Techniques for UPQC 

4.1 Introduction 

Chapter 3 has presented nonlinear control techniques such as NVGF control method and 

NLSMC method for DC-link voltage regulation and modified SRF technique for reference 

generation. However, existence of large settling time in dc voltage leads to poor dynamic 

performance of  NVGF control technique and hence current harmonics, voltage distortions 

and voltage disturbance such as voltage sag/swell as well as voltage unbalance 

compensation capability of this technique is not quite effective in comparison to the 

NLSMC technique. Moreover, NLSMC is very sensitive to model mismatch and noise. It is 

quite sluggish in rejecting long drifting grid disturbances. Hence, a better control strategy 

has to be developed in UPQC, which has improved DC-link voltage regulation as well as 

tracking performance during load and grid side disturbances. 

      To overcome the aforementioned issues, this chapter proposes a resistive optimization 

technique (ROT) incorporated with enhanced phase-locked loop (EPLL) based NVGF 

hysteresis control strategy and an optimum active power (OAP) technique combined with 

enhanced phase-locked loop (EPLL) based fuzzy sliding mode (FSM) pulse-width 

modulation (PWM) control strategy for unified power quality conditioner (UPQC). These 

proposed techniques can mitigate several power quality (PQ) problems existing in a three-

phase three-wire power distribution network.  

      The novel resistive optimization control strategy is used for reference signal generation 

for both shunt and series APF. This proposed algorithm adaptively regulates the DC-link 

capacitor voltage without utilizing additional controller and makes the control system simple 

as it does not involve any complex optimization methods. Furthermore, a nonlinear variable 

gain fuzzy based hysteresis controller is proposed for controlling the hysteresis band, which 

effectively reduces the band violation and improves the tracking behavior of UPQC during 

load transient and supply side transient conditions of power system. 



Chapter-4                      Optimization Reference Extraction Methods with Novel PWM Tech. 

98 
 

      Similarly, the OAP control technique is utilized for extraction of the reference signal for 

both shunt and series APF and also regulates the dc-link capacitor voltage adaptively. 

Moreover, fuzzy sliding mode (FSM) controller is designed in the inner current and voltage 

control loops to generate PWM signals for switching both shunt and series APF. FSM 

provides fixed switching frequency by eliminating high frequency chattering caused by the 

sliding mode control and improves the character of reaching segment by forcing the tracking 

error to zero. 

4.2 Resistive optimization with nonlinear variable gain fuzzy (RO-NVGF) based  

       hysteresis controller 

      A low-pass filter (LPF) is used in DC-link control loop for filtering the ripples present in 

the dc-link voltage, which introduces a finite delay resulting in large settling time of dc-link 

voltage. Additionally, utilization of fixed dc-link voltage control techniques can generate 

switching losses and conduction losses with the variation of load as well as supply voltage 

[103]. Therefore, dc-link voltage has to be changed adaptively with load and supply side 

perturbations, which can result in better compensation performance and operational 

flexibility as compared to the NVGF and NLSMC techniques described in chapter-3. With 

the above-mentioned views, the proposed control technique utilizes enhanced phase-locked-

loop (EPLL) technique for perfect extraction of positive sequence signal during power 

system perturbation and computes optimum value of resistance for generation of the 

reference signal with self-supporting dc-link voltage. The proposed control technique 

provides fast detection of transient conditions occurred in the supply or load sides, and 

accordingly dc-link voltage is regulated by changing the amplitude of the real fundamental 

component of the reference current. Therefore, a small amount of real power is flowing 

through the shunt inverter into the dc-link capacitor for compensating conduction and 

switching losses and keeps the dc-link voltage constant. 

      On the other hand, to accomplish significant compensation with good accuracy and very 

fast response, hysteresis controllers [56] are well known for PWM signal generation. 

However, the conventional hysteresis technique exhibits an undesirable feature such as 

variable switching frequency. As a result, the switching losses are increased and the source 

current as well as the load voltage contains some additional ripples. Several papers reported 

in the literature deal with these issues and try to eliminate such drawbacks by many effective 
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solutions [104,105], which are based on controlling the hysteresis bandwidth. The adaptive 

hysteresis band controller discussed in Chapter-3 provides excellent performance by 

reducing the switching losses, but fails to provide satisfactory performance during dynamic 

as well as uncertainty condition of load and supply voltage variation. To overcome this 

drawback, a NVGF [106,107] based hysteresis controller is considered for PWM signal 

generation in both shunt and series inverter of UPQC. This hysteresis controller provides a 

better hysteresis band computation approach during power system dynamic and transient 

condition. 

      Under these circumstances mamdani fuzzy logic controller is unable to provide a wide 

variation of control gain for controlling the hysteresis band during a load transient, 

sag/swell, voltage unbalance and distorted source voltage condition. This results in band 

violation and tracking performance degradation. This problem can be eliminated by NVGF 

hysteresis controller based on Takagi-Sugeno (TS) fuzzy rule scheme, where an extensive 

variation of the controller gain improves the tracking performance to a large extent. The 

performance of the proposed approach is validated through MATLAB/SIMULINK followed 

by the real-time experimental studies, which are accomplished by using hardware-in-the-

loop (HIL) system OPAL-RT simulator (OP5600) with Xilinx SPARTAN-3(3xc3s5000) 

OP5142 field programmable gate array (FPGA) processor for user interconnection.  

4.3. Proposed Resistive Optimization Technique  

      Distorted, unbalanced and faulty supply conditions create numerous problems in power 

system. In such situations, extraction of reference signal is one of the challenging tasks, as 

compensation capability of UPQC depends on how accurately and how quickly the 

reference signals are extracted from power system. To overcome such issues, a novel control 

structure is proposed to calculate the optimal value of resistance for generating the reference 

signal and regulating the dc-link voltage to eradicate the PQ problems present in power 

system. Additionally, the quality of grid synchronization is a significant factor which 

determines the complete control structure compensation capability of PQ problems; 

therefore an Enhanced phase locked loop (EPLL) is employed for accurate and rapid 

extraction of positive sequence signal from polluted grid voltage.  
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 4.3.1 Enhanced PLL (EPLL) 

      Distorted, unbalanced and faulty supply conditions create numerous problems in power 

system. In such situations, extraction of reference signal is one of the challenging tasks, as 

compensation capability of UPQC depends on how accurately and how quickly the 

reference signals are extracted from power system. To overcome such issues, a novel control 

structure is proposed to calculate the optimal value of resistance for generating the reference 

signal and regulating the dc-link voltage to eradicate the PQ problems present in power 

system. Additionally, the quality of grid synchronization is a significant factor which 

determines the complete control structure compensation capability of PQ problems; 

therefore an Enhanced phase locked loop (EPLL) is employed for accurate and rapid 

extraction of positive sequence signal from polluted grid voltage.  

 

                                         Fig.4.1. Enhanced PLL structure 
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Distorted, unbalanced and faulty supply conditions create numerous problems in power 

system. In such situations, extraction of reference signal is one of the challenging tasks, as 

compensation capability of UPQC depends on how accurately and how quickly the 

reference signals are extracted from power system. To overcome such issues, a novel control 

structure is proposed to calculate the optimal value of resistance for generating the reference 

signal and regulating the dc-link voltage to eradicate the PQ problems present in power 

system. Additionally, the quality of grid synchronization is a significant factor which 

determines the complete control structure compensation capability of PQ problems; 

therefore an Enhanced phase locked loop (EPLL) is employed for accurate and rapid 

extraction of positive sequence signal from polluted grid voltage.  

4.3.2 Resistive optimization technique for calculation of reference signal  
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Chapter 3 has presented nonlinear control techniques such as NVGF control method and 

NLSMC method for DC-link voltage regulation and modified SRF technique for reference 

generation. However, existence of large settling time in dc voltage leads to poor dynamic 

performance of  NVGF control technique and hence current harmonics, voltage distortions 

and voltage disturbance such as voltage sag/swell as well as voltage unbalance 

compensation capability of this technique is not quite effective in comparison to the 

NLSMC technique. Moreover, NLSMC is very sensitive to model mismatch and noise. It is 

quite sluggish in rejecting long drifting grid disturbances. Hence, a better control strategy 

has to be developed in UPQC, which has improved DC-link voltage regulation as well as 

tracking performance during load and grid side disturbances. 

      To overcome the aforementioned issues, this chapter proposes a resistive optimization 

technique (ROT) incorporated with enhanced phase-locked loop (EPLL) based NVGF 

hysteresis control strategy and an optimum active power (OAP) technique combined with 

enhanced phase-locked loop (EPLL) based fuzzy sliding mode (FSM) pulse-width 

modulation (PWM) control strategy for unified power quality conditioner (UPQC). These 

proposed techniques can mitigate several power quality (PQ) problems existing in a three-

phase three-wire power distribution network.  

      The novel resistive optimization control strategy is used for reference signal generation 

for both shunt and series APF. This proposed algorithm adaptively regulates the DC-link 

capacitor voltage without utilizing additional controller and makes the control system simple 

as it does not involve any complex optimization methods. Furthermore, a nonlinear variable 

gain fuzzy based hysteresis controller is proposed for controlling the hysteresis band, which 

effectively reduces the band violation and improves the tracking behavior of UPQC during 

load transient and supply side transient conditions of power system. 

 

Chapter 3 has presented nonlinear control techniques such as NVGF control method and 

NLSMC method for DC-link voltage regulation and modified SRF technique for reference 

generation. However, existence of large settling time in dc voltage leads to poor dynamic 

performance of  NVGF control technique and hence current harmonics, voltage distortions 

and voltage disturbance such as voltage sag/swell as well as voltage unbalance 

compensation capability of this technique is not quite effective in comparison to the 
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NLSMC technique. Moreover, NLSMC is very sensitive to model mismatch and noise. It is 

quite sluggish in rejecting long drifting grid disturbances. Hence, a better control strategy 

has to be developed in UPQC, which has improved DC-link voltage regulation as well as 

tracking performance during load and grid side disturbances. 

      To overcome the aforementioned issues, this chapter proposes a resistive optimization 

technique (ROT) incorporated with enhanced phase-locked loop (EPLL) based NVGF 

hysteresis control strategy and an optimum active power (OAP) technique combined with 

enhanced phase-locked loop (EPLL) based fuzzy sliding mode (FSM) pulse-width 

modulation (PWM) control strategy for unified power quality conditioner (UPQC). These 

proposed techniques can mitigate several power quality (PQ) problems existing in a three-

phase three-wire power distribution network.  

      The novel resistive optimization control strategy is used for reference signal generation 

for both shunt and series APF. This proposed algorithm adaptively regulates the DC-link 

capacitor voltage without utilizing additional controller and makes the control system simple 

as it does not involve any complex optimization methods. Furthermore, a nonlinear variable 

gain fuzzy based hysteresis controller is proposed for controlling the hysteresis band, which 

effectively reduces the band violation and improves the tracking behavior of UPQC during 

load transient and supply side transient conditions of power system. 

4.3.3. Design of Nonlinear Variable Gain Fuzzy controller for hysteresis band calculation 

 

Chapter 3 has presented nonlinear control techniques such as NVGF control method and 

NLSMC method for DC-link voltage regulation and modified SRF technique for reference 

generation. However, existence of large settling time in dc voltage leads to poor dynamic 

performance of  NVGF control technique and hence current harmonics, voltage distortions 

and voltage disturbance such as voltage sag/swell as well as voltage unbalance 

compensation capability of this technique is not quite effective in comparison to the 

NLSMC technique. Moreover, NLSMC is very sensitive to model mismatch and noise. It is 

quite sluggish in rejecting long drifting grid disturbances. Hence, a better control strategy 

has to be developed in UPQC, which has improved DC-link voltage regulation as well as 

tracking performance during load and grid side disturbances. 
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      To overcome the aforementioned issues, this chapter proposes a resistive optimization 

technique (ROT) incorporated with enhanced phase-locked loop (EPLL) based NVGF 

hysteresis control strategy and an optimum active power (OAP) technique combined with 

enhanced phase-locked loop (EPLL) based fuzzy sliding mode (FSM) pulse-width 

modulation (PWM) control strategy for unified power quality conditioner (UPQC). These 

proposed techniques can mitigate several power quality (PQ) problems existing in a three-

phase three-wire power distribution network.  

      The novel resistive optimization control strategy is used for reference signal generation 

for both shunt and series APF. This proposed algorithm adaptively regulates the DC-link 

capacitor voltage without utilizing additional controller and makes the control system simple 

as it does not involve any complex optimization methods. Furthermore, a nonlinear variable 

gain fuzzy based hysteresis controller is proposed for controlling the hysteresis band, which 

effectively reduces the band violation and improves the tracking behavior of UPQC during 

load transient and supply side transient conditions of power system. 

Chapter 3 has presented nonlinear control techniques such as NVGF control method and 

NLSMC method for DC-link voltage regulation and modified SRF technique for reference 

generation. However, existence of large settling time in dc voltage leads to poor dynamic 

performance of  NVGF control technique and hence current harmonics, voltage distortions 

and voltage disturbance such as voltage sag/swell as well as voltage unbalance 

compensation capability of this technique is not quite effective in comparison to the 

NLSMC technique. Moreover, NLSMC is very sensitive to model mismatch and noise. It is 

quite sluggish in rejecting long drifting grid disturbances. Hence, a better control strategy 

has to be developed in UPQC, which has improved DC-link voltage regulation as well as 

tracking performance during load and grid side disturbances. 

      To overcome the aforementioned issues, this chapter proposes a resistive optimization 

technique (ROT) incorporated with enhanced phase-locked loop (EPLL) based NVGF 

hysteresis control strategy and an optimum active power (OAP) technique combined with 

enhanced phase-locked loop (EPLL) based fuzzy sliding mode (FSM) pulse-width 

modulation (PWM) control strategy for unified power quality conditioner (UPQC). These 

proposed techniques can mitigate several power quality (PQ) problems existing in a three-

phase three-wire power distribution network.  
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      The novel resistive optimization control strategy is used for reference signal generation 

for both shunt and series APF. This proposed algorithm adaptively regulates the DC-link 

capacitor voltage without utilizing additional controller and makes the control system simple 

as it does not involve any complex optimization methods. Furthermore, a nonlinear variable 

gain fuzzy based hysteresis controller is proposed for controlling the hysteresis band, which 

effectively reduces the band violation and improves the tracking behavior of UPQC during 

load transient and supply side transient conditions of power system. 

Chapter 3 has presented nonlinear control techniques such as NVGF control method and 

NLSMC method for DC-link voltage regulation and modified SRF technique for reference 

generation. However, existence of large settling time in dc voltage leads to poor dynamic 

performance of  NVGF control technique and hence current harmonics, voltage distortions 

and voltage disturbance such as voltage sag/swell as well as voltage unbalance 

compensation capability of this technique is not quite effective in comparison to the 

NLSMC technique. Moreover, NLSMC is very sensitive to model mismatch and noise. It is 

quite sluggish in rejecting long drifting grid disturbances. Hence, a better control strategy 

has to be developed in UPQC, which has improved DC-link voltage regulation as well as 

tracking performance during load and grid side disturbances. 

      To overcome the aforementioned issues, this chapter proposes a resistive optimization 

technique (ROT) incorporated with enhanced phase-locked loop (EPLL) based NVGF 

hysteresis control strategy and an optimum active power (OAP) technique combined with 

enhanced phase-locked loop (EPLL) based fuzzy sliding mode (FSM) pulse-width 

modulation (PWM) control strategy for unified power quality conditioner (UPQC). These 

proposed techniques can mitigate several power quality (PQ) problems existing in a three-

phase three-wire power distribution network.  

      The novel resistive optimization control strategy is used for reference signal generation 

for both shunt and series APF. This proposed algorithm adaptively regulates the DC-link 

capacitor voltage without utilizing additional controller and makes the control system simple 

as it does not involve any complex optimization methods. Furthermore, a nonlinear variable 

gain fuzzy based hysteresis controller is proposed for controlling the hysteresis band, which 

effectively reduces the band violation and improves the tracking behavior of UPQC during 

load transient and supply side transient conditions of power system. 
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4.4 Optimum active power with fuzzy sliding mode controller (OAP-FSMC) based  
       PWM control technique 

      The ROT-techniques proposed in the sub-section (4.3.2) have considered more than half 

cycle to estimate change in amplitude of load current and supply voltage at the beginning. 

Hence, the compensation performance of the UPQC decreases significantly, which leads to 

increased oscillations in DC-link voltage. Therefore, switching losses and conduction losses 

are increased with the variation of load as well as supply voltage. 

      To overcome the aforementioned issue, in this section, we propose another control 

technique that computes optimum active power (OAP) to generate reference signal with a 

self-supporting dc-link voltage regulation. In this approach, when any transient condition 

occurs in the supply or load side, dc-link voltage is regulated accordingly by altering the 

amplitude of the real fundamental component of the reference current. As a result, a small 

amount of real power is flowing through the shunt inverter into the dc-link capacitor for 

compensating conduction and switching losses and hence keeps the dc-link voltage constant. 

Furthermore, enhanced phase-locked-loop (EPLL) method, which is described in the sub-

section 4.3.1, extracts the fundamental positive-sequence signal during power system 

perturbations.  

      On the other hand, PWM technique such as NVGF-hysteresis controller is not effective 

in tracking the reference signal during load and supply side perturbations, which results in 

degradation of PQ compensation capability of UPQC. Hence, sliding mode controller 

(SMC) is extensively preferred for its compatibility with the inherent switching nature of 

power converters [110, 111]. Moreover, the SMC is popular for its stability, robustness, 

good regulation and frequent switching action under all operating conditions of load and 

supply voltage perturbations.  

      Regardless of excellent performance, SMC suffers from chattering problem, which leads 

to generate a variable switching frequency causing switching and power losses, as well as 

electromagnetic compatibility (EMC) noise in the VSI. To avoid these drawbacks, a fuzzy 

logic controller is considered in conjunction with SMC to generate a fixed switching 

methodology. This fuzzy SMC (FSMC) [112, 113] is one of the promising solutions to 

handle power system uncertainties as well as nonlinearity situations. Power system 

uncertainty arises due to random variation of system loads, irregular fluctuations of system 

parameter such as capacity of distribution line and sudden failure of system component of 
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the power line. To operate UPQC in the above uncertainty conditions, a fuzzy SMC based 

PWM (FSMPWM) technique is proposed for accurately tracking the reference signal, which 

provides better compensation capability of PQ problems. The performance of the proposed 

approach is validated using MATLAB/SIMULINK followed by real-time experimental 

studies, which are accomplished by using hardware-in-the-loop (HIL) system OPAL-RT 

simulator (OP5600) with Xilinx SPARTAN-3(3xc3s5000) OP5142 field programmable gate 

array (FPGA) processor for user interconnection. To study the efficacy of the proposed 

control strategy, a comparative assessment has been performed with the proposed ROT-

NVGF hysteresis controller. 

4.5 Reference signal extraction technique 

      The OAP based reference generation technique is determined with extraction of 

optimum active power from the power line. Therefore, a novel control structure is 

formulated to calculate the OAP for generating the reference signal in UPQC under 

consideration of power system perturbations. In addition to this, the quality of grid 

synchronization is a significant factor in determining reference signals hence an enhanced 

phase-locked loop (EPLL) is employed for accurate and rapid extraction of positive 

sequence signal from grid voltage. 

4.5.1 Optimized Active Power (OAP) Technique 

      The proposed control strategy shown in Fig.4.5 is employed to create a reference 

compensating signal for UPQC and also to generate PWM signal. At first OAP technique is 

considered for reference signal generation by assuming the following three-phase desired 

source voltages and source currents given in Eq. (4.26) and Eq. (4.27) respectively. 
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                                                                                              (4.3)    

      where mV , mI  are the magnitude of supply voltage and current respectively and is the 

phase angle between the supply voltage and current.  
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The output of low-pass filter (LPF) is the optimized active power that can be represented as 

m

0

31

2

T
m

s sx sx
x k

V I
p V I dt

T 

                                                                                             (4.4) 

      Based on the necessity of supply voltage, the source voltage block provides the peak 

amplitude of supply voltage  spV . Similarly, the peak amplitude of source current  spI can 

be determined as 

 
1 2

2 2 2
sp sa sb scI i i i                                                                                                           (4.5) 

Depending on these peak amplitudes of source current and supply voltage, the optimum 

values of current  mI and voltage  mV  are calculated from OAP.  

m

2

3

s

sp

p
I

V
                                                                                                                         (4.6)                                                                                                            

and 

m

2

3

s

sp

p
V

I
                                                                                                                           (4.7)  

  

         Fig.4.2. Proposed OAP with EPLL based FSM-PWM control structure of UPQC                                                          

      These optimum values of current and voltage are multiplied with unit sine vector 

produced from the IPLL block to generate the reference source current and reference load 

voltage as given below.    
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      The reference source currents are subtracted from the load current  la lbi ,i and lci for the 

generation of compensating reference currents  caref cbrefi , i and ccrefi . Similarly, 

compensating reference voltages  faref fbrefV ,V and fcrefV  are calculated by subtracting the 

reference voltage  aref brefV ,V  and crefV from supply voltage  sa sbV ,V and scV . These 

references as well as actual compensating currents and voltages are applied to the FSM 

controller for producing PWM signal for shunt and series converter, the details of which are 

described in the next section.   

4.5.2 Fuzzy sliding mode for shunt APF 

      To apply the FSMC theory to the shunt APF, sliding surfaces are designed first and then 

equivalent control laws are formulated accordingly. After that PWM signals are generated by 

utilizing mamdani based fuzzy system at the sliding surface. For designing of sliding surface, 

the equivalent circuit for one leg of shunt converter is considered which is illustrated in 

Fig.2.9 of chapter-2. The expression for inductor current given in Eq. (2.13) is rewritten as  

2

shfc S dc
c

shf shf shf

Rdi V V
u i

dt L L L
  

                                                                                           (4.10)

 

      The fuzzy sliding surface trajectory is achieved by deducting the measured 

compensating current ( )cabci  from the reference compensating current _( )cabc refi . The 

sliding surface for shunt converter is given by  

( ) ( )xs t e t                                                                                                                         (4.11)                                                                                                                    

where x denotes a particular phase and the expression of Eq.(4.15) becomes  

_( ) [ ] 0x cx ref cxe t i i                                                                                                        (4.12)                                                                                                 
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For the shunt converter, the expression for ( )s t  can be written as 

( ) ( )xs t e t                                                                                                                         (4.13)                                                                                       

Thus,   _( )x cx ref cxe t i i   

    

_

_

2

cx ref cx

cx ref shf dc Sx
cx x

shf shf shf

di di

dt dt

di R V V
i u

dt L L L

 
  
 

 
    
 
 

                                                                       (4.14)                                                                  

Setting the sliding surface ( )xe t =0, the equivalent control law can be defined as

_ 2cx ref shf shfSx
eqx cx

shf shf dc

di R LV
u i

L dt L V

  
     

  

                                                                        (4.15)                                                                     

      The natural control limits of the circuit are 1 1eqxu   ; this expression could be utilized 

for establishing the design procedure and performance of the shunt converter. It can be seen 

that Eq. (4.17) is linear with respect to xu  such that 

If  x eqxu u  then 0xe                                                                                                      (4.16) 

If  x eqxu u  then 0xe                                                                                                                                 

      Further, the equivalent control is driven by the natural bounds of the circuit i.e.,

1 1eqxu   , from which the following expressions can be summarized. 

If  1xu    then 0xe    

If  1xu     then 0xe                                                                                                      (4.17)                                                                                                 

      To satisfy 0x xe e  , the discontinuous control law can be seen by applying the variable 

xe  and xe  to the fuzzy controller and fuzzy controller must be satisfying the condition of 

Eq. (4.12) for generating the PWM signal for shunt converter. 
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                                                                                        (4.18)                                                                                                                                                                         
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      The block diagram of proposed fuzzy sliding mode controller (FSMC) for shunt 

converter is shown in Fig.4.3 (a). Here xe  and xe are the inputs and ( )u t represents the 

output of the FSMC. Further ( )xe t and ( )xe t  are the fuzzified variables and ( )xu t is the 

defuzzified output in the form of gate pulse. Universes of discourse of ( )xe t and ( )xe t are 

arranged from -25 to 25 whereas output universes of discourse  are arranged from -1 to 1, 

thus the range of  nonfuzzy variables xe and xe  must be scaled by suitable gains 1k and 2k

to fit the universe of discourse of fuzzified variables ( )xe t and ( )xe t . In this case ( )xe t  is 

approximated by 1( ( ) ( ) )k ke t e t T , where T is the sampling period. Here a triangular type 

membership function is chosen for the fuzzification of the input variable and singleton 

membership function is chosen as a defuzzified output variable, as shown in Fig. 4.6 (b) and 

Fig.4.7. The FSMC has to use the natural control conditions called Lyapunov stability 

conditions ( ) ( ) 0x xe t e t   with consideration of ( )xe t and ( )xe t be the fuzzy variables of the 

system. 

 

                                      (a)                                  (b) 

 Fig. 4.3 FSMC for shunt converter, (a) Block diagram representation, (b) Membership  

               functions for the input variable  ( )xe t  and ( )xe t  

                                                      

                                 Fig.4.4 Membership functions for the output variable   
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      A rule table shown in Table 4.1 is constructed by using two-dimensional space i.e., ( )xe t

and ( )xe t , each having seven triangular membership functions with 49 fuzzy rules. Now, we 

choose a Lyapunov function for stability analysis, 

21
( ) ( )

2
xV t e t                                                                                                                    (4.19)                                                                                                                                                                 

Then 

( ) ( ) ( )x xV t e t e t                                                                                                                 (4.20)  

      Based on the qualitative analysis described above and the Lyapunov stability condition (

( ) 0xe t   and ( ) 0V t  ), the sliding surface is asymptotically stable and simultaneously 

matches the reaching conditions ( ) ( ) 0x xe t e t  .  

Mamdani‟s min-operation fuzzy inference system is considered here and singleton 

defuzzification method  is adopted for generating switching signal for shunt converter. The 

control rules of Table 4.1 are defined below: 

(1) If ( )xe t is PB and ( )xe t is PB, then ( )xu t is NB. 

 

                   Table 4.1 Rule based table for shunt FSMC 

                        

      This control rule implies that if ( )xe t and ( )xe t are both positive big (i.e., ( ) ( )x xe t e t is 

largely positive), then a large negative change in the control input is required to decrease 

( ) ( )x xe t e t quickly. 

       (2)  If ( )xe t is PB and ( )xe t is NB, then ( )xu t is ZE. 
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     This control rule implies that if ( )xe t is positive big and ( )xe t is negative big (i.e., no 

changes in ( ) ( )x xe t e t ), then there is no change in the control input. 

4.5.3 Fuzzy sliding mode for series APF  

      Fig.4.8 shows the single-phase equivalent circuit of series APF for the analysis of 

FSMC. The voltage and current at the converter side are represented as 
2

dc
c

V
u  and fi

respectively. The ac-filter capacitor voltage and current are signified as CfV and Cfi

respectively. The voltage and current on the grid side are represented as CV and sfi

respectively. We assume that injected voltage is equivalent to the voltage across the filter 

capacitor  Cf CV V of the series converter and the injection transformer is recognized as 

ideal with 1: n turns ratio. With these assumptions, voltage and current at the output terminal 

of the series converter can be written as 

1

2

f sefdc
c f Cf

sef sef sef

di RV
u i V

dt L L L
                                                                                       (4.21)                                                                                        

1 1Cf C
f sf

ef ef

dV dV
i i

dt dt C C
                                                                                             (4.22)        

        

            Fig.4.5 Equivalent circuit for a single phase of the series converter        

The standard method for selecting the sliding surface for series converter is represented by 

the following equation. 

( ) ( )x xs t g t                                                                                                                      (4.23)                                                                                                                                                              

where x is phase sequence and the corresponding error function ( )xg t is defined as, 
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 _( )x Cx ref Cxg t V V                                                                                                       (4.24)                                                                                                                                                                                                                                                         

For the series converter, the expression for ( )s t  can be written as, 

( ) ( )s t g t                                                                                                                          (4.25)                                                                                                                                                                           

Thus 

 _( )x Cx ref Cxs t V V                                                                                                         (4.26)                                                                                                          

Applying the value of CdV dt  in Eq. (4.26), the value of  xs t becomes 
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                                                (4.27)                                                

Setting the sliding surface ( )s t =0, the equivalent control law can be defined as 

_2 2 2
2

sef Cf sef cx ref

eqsx fx sfx ef sef

dc dc dc dc

R V L V
u i i C L

V V V V

 
    
 
 

                                                   (4.28)                                                  

      The existence of sliding mode is observed through the condition, ( , ) 0.xs g t   Hence, the 

switching law can be expressed by the following equation. 

( , ) ( , ) 0x xs g t s g t                                                                                                              (4.29)  

      Thus, the natural control limits of the series converter are 1 1eqsxu    and this 

expression is used for the equivalent control for both performance and design procedure of 

the converter. Also, it is observed that Eq. (4.25) is linear with respect to cu  such that 

If c eqsxu u  then ( , ) 0xs g t 
              

 

If c eqsxu u  then ( , ) 0xs g t                                                                                              (4.30) 

      The equivalent control is constrained by the natural bounds of the converter, such that

1 1eqsxu    and it is observed that 

If 1cu    then ( , ) 0xs g t                                                                                                 (4.31) 

If 1cu   then ( , ) 0xs g t                                                                                                        

      For the fulfillment of this discontinuous control law, the actual error functions g and g

need to be scaled to their corresponding universes of discourse ( )g t and ( )g t  applied to the 
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fuzzy controller as shown in Fig. 4.9 (a). The scaling factors 1x and 2x corresponding to ( )g t

and ( )g t  are arranged from -6 to 6.The output of the fuzzy controller is ( )k t  which is 

defuzzified output and is arranged from -1 to 1. As data manipulation in fuzzy controller is 

based on the fuzzy set theory, the associated fuzzy subset defined for controlling the series 

converter are as  follows, 

( )g t ={NB,NM,NS,ZE,PS,PM,PB} 

( )g t ={NB,NM,NS,ZE,PS,PM,PB} 

( )k t ={NB,ZE,PB} 

      where NB is negative big, NM is negative medium, NS is negative small, ZE is zero, PS 

is positive small, PM is positive medium and PB is positive big. The membership functions 

for input fuzzy subsets ( )g t  and ( )g t  are depicted in Fig. 4.9 (b) and corresponding output 

membership function ( )k t  is shown in Fig.4.7. The resulting linguistic rule based on FSMC 

for series active power filter is summed in Table 4.2. Construction of the fuzzy rules is 

based on the following situation. 

1) If ( , ) 0xs g t  and ( , )xs g t <0, then declining jk will increase ( , )xs g t ( , )xs g t  and the 

system will go towards the stable region. 

2) If ( , ) 0xs g t  and ( , ) 0xs g t  , then growing jk will decrease ( , )xs g t ( , )xs g t  and the 

system will go towards the stable region.     

   The fuzzy rule is formed by using discontinuous control law of Eq. (4.32), 

1 ( , ) 0

0 ( , ) 0
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for s g t

u for s g t
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 
  

                                                                                           (4.32)                                                                         

      Based on the fuzzy rule described in Table 4.2, the fuzzy controller can generate PWM 

signal for series converter and series compensation voltage can be injected for recompensing 

symmetrical and unsymmetrical sag/swell, voltage harmonics and voltage unbalance.                                                                                                                                          
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                                         (a)                                    (b) 

Fig. 4.6 FSMC for series converter, (a) Block diagram representation, (b) 

Membership functions for the input variable ( )g t  and ( )g t . 

                                   Table 4.2 Rule based table for series FSMC 

                   
 4.6  Performance analysis 

4.6.1 Simulation and real-time HIL based OPAL-RT result of ROT with NVGF hysteresis 

         controller 

      To validate the performance of the proposed ROT based NVGF hysteresis control, a 

comprehensive simulation and experimental studies are conducted in the 

MATLAB/SIMULINK and real-time HIL based OPAL-RT system environment 

respectively. The simulated test system data are given in Appendix-1.  

      Fig.4.10 and 4.11 illustrate the simulation and experimental result for performance of 

proposed EPLL technique in distorted voltage condition. Fig.4.10 (a) and (b) show the 

simulation result of distorted source voltage and transformation angle ( )t for the EPLL 

technique. From the above figure it is observed that the transformation angle ( )t of the 

EPLL has a negligible oscillation under highly distorted condition. Therefore, unit sine 

vector signal generation using EPLL is purely sinusoidal and in phase with supply voltage 

that is shown in Fig. 4.10 (c). Fig.4.11 demonstrates the experimental result of EPLL in 

voltage distortion condition. Fig.4.11 (a) shows the distorted supply voltage and 

transformation angle ( )t for the conventional PLL. Fig.4.11 (b) shows the unit sine vector 

signal generation and transformation angle ( )t  using EPLL. It is observed from this figure 
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that EPLL technique exhibits better performance as the transformation angle of the EPLL 

has a negligible oscillation under highly distorted conditions.  

  
                                       (a)                                    (b) 

           

                                                                          (c) 

Fig.4.7 Simulation results of EPLL algorithm under distorted supply condition, (a) Distorted 

supply voltage, (b) Transformation angle ( )t of EPLL, (c) Unit vector signal from EPLL.  

 
                                   (a)                                (b) 

 Fig.4.8 Real-time experimental results of EPLL algorithm under distorted supply condition  

(a) Distorted supply voltage and transformation angle ( )t of conventional PLL (scale: 2 

V/div), (b) Unit vector signal generation using EPLL technique (scale: 1 V/div) and 

transformation angle ( )t of EPLL technique (scale: 2 V/div). 

      Performance of the hysteresis band during a load transient and voltage sag condition by 

using NLSMC-AHB and ROT-NVGF hysteresis band controller is shown in Fig.4.12 (a) 

from top to bottom order. From this figure it is observed that AHB of shunt APF produces 
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hysteresis band with slight variation thus keeps switching frequency partially constant and 

band violation relatively less during a load transient condition. Whereas, the NVGF 

hysteresis band for shunt controller generates variable band to keep the switching frequency 

nearly constant during all operating conditions of load and provides better tracking 

performance in comparison to the AHB controller. Additionally, AHB controller for series 

APF provides almost linear hysteresis band and a small band violation is occurred during sag 

condition, therefore switching frequency is partially constant. On the other hand, NVGF 

hysteresis band for series APF produces variable hysteresis band to keep the switching 

frequency nearly constant during all operating conditions of supply voltage. 

      The compensating current tracking performances of fixed hysteresis and adaptive 

hysteresis band controller as well as ROT with NVGF hysteresis band controller are  

     

                                            (a)                                      (b) 

Fig.4.9 Hysteresis band and tracking performance of reference signal, (a) Adaptive hysteresis 

band and NVGF  Hysteresis band  controller for shunt and series APF, (b) Performance 

comparison for tracking of compensating reference signal using  NLSMC with AHB and 

ROT with NVGF  hysteresis band controller. 
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      Fig.4.13 (a) and (b) deliver the information about compensating current and source 

current under steady-state condition. Fig. 4.13 (c) and 4.14 (a) display the simulation and 

experimental result of ROT-NVGF controller for controlling the dc-link voltage during 

transient state condition of load. The load parameters are changed to ( 25LR    and 

34 )LL mH  from 0.15t s  to 0.3t s . Fig. 4.13 (d) and 4.14 (b) provide the information 

about source current before compensation. Fig. 4.13 (e) and (f) as well as Fig. 4.14 (c) and 

(d) provide the information regarding compensating current and source current after 

compensation respectively.  It is observed from the figure that, the shunt APF performance 

is quite satisfactory during load side transient condition. Therefore, the source current is 

sinusoidal in nature without any ripple. 

  
                                     (a)                                    (b) 

 
                                     (c)                                    (d) 

 
                                     (e)                                    (f) 

 
                                    (g)                                                           (h) 

  



Chapter-4                      Optimization Reference Extraction Methods with Novel PWM Tech. 

119 
 

                                     (i)                                    (j) 

Fig.4.10 Simulation results, (a) Compensation current during steady-state condition, (b) 

Source current after compensation during steady-state condition, (c) DC-link voltage under  

transient condition, (d) Source current before compensation during transient-state condition, 

(e) Compensation current during transient-state condition, (f) Source current after 

compensation during transient-state condition, (g) Source current spectrum before 

compensation during steady-state condition, (h) Source current spectrum after compensation 

during steady-state condition (i) Source current spectrum before compensation during 

transient-state condition, (j) Source current spectrum after compensation during transient-

state condition. 

     

                                        (a)                                     (b) 

 
                                          (c)                                     (d) 

Fig.4.11 Real-time experimental results, (a) DC-link voltage under transient condition, (b) 

Source current before compensation (scale: 62 A/div), (c) Compensation current (scale: 40 

A/div), (d) Source current after compensation (scale: 65 A/div). 

      Moreover, Fig.4.13 (g) and (h) give the information regarding THD of the source current 

before and after compensation during steady-state condition and they are observed to be 
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28.3 % and 3.15 % respectively. Similarly, Fig.4.13 (i) and (j) provide the information about 

the THD of source current before and after compensation under transient-state condition and 

they are observed to be 31.8 % and 3.35 % respectively. 

      Fig.4.15 and 4.16 illustrate the simulation as well as real-time experimental results 

during sag conditions. Fig. 4.15 (a) and 4.16 (a) show the DC-link voltage of proposed 

method during sag condition. Fig.4.15 (b) and 3.16 (b) show the waveform of voltage sag of 

4 cycles with a depth of 20 % and its corresponding compensating voltage and load voltage 

after compensation are shown in Fig. 4.15 (c) and (d) as well as Fig.4.16 (c) and (d) 

respectively. From the figure it is observed that, the series APF of UPQC compensates the 

voltage sag by injecting a voltage with proper amplitude and polarity.  

 
                                     (a)                                     (b) 

 
                                     (c)                                     (d) 

                           

                                                                        (e) 

Fig.4.12 Simulation results during sag condition, (a) DC-link voltage, (b) Source voltage, (c) 

Compensation voltage, (d) Load voltage after compensation, (e) Load voltage spectrum after 

compensation. 

      Fig.4.15 (e) displays THD information of load voltage after compensation and it is found 

to be 2.24 %. Correspondingly, Fig. 4.17 and 4.18 demonstrate the simulation as well as 
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real-time experimental results of dc-link voltage, supply voltage, compensating voltage and 

load voltage after compensation during swell conditions. Fig. 4.17 (a) and 4.18 (a) show the 

dc-link capacitor voltage of proposed controller during the voltage-swell condition. Fig.4.17 

(b) and 4.18 (b) show the waveform of  supply voltage swell of 20 % obtained for 4 cycles 

and its corresponding compensating voltage and load voltage are shown in Fig.4.17 (c) and 

(d) as well as Fig. 4.18 (c) and (d)  respectively. It is observed from the figure that the 

proposed control strategy can compensate the voltage swell existing in the supply voltage 

and regulate the load voltage to its nominal value. Fig. 4.17 (e) shows the information about 

THD spectrum of load voltage after compensation and its THD is around 2.18 %. 

      
                                      (a)                                (b) 

     
                                      (c)                               (d) 

Fig.4.13 Real-time experimental results during sag condition, (a) DC-link voltage, (b) 

Source voltage (scale: 200 V/div), (c) Compensation voltage (scale: 65 V/div), (d) Load 

voltage after compensation (scale: 200 V/div). 

 
                                      (a)                                      (b) 
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                                      (c)                                     (d) 

                                 
                                                                         (e) 

Fig.4.14 Simulation results of swell condition, (a) DC-link voltage, (b) Source voltage, (c) 

Compensation voltage, (d) Load voltage after compensation, (e) Load voltage spectrum after 

compensation. 

      
                                     (a)                             (b) 

    
                                     (c)                             (d) 

Fig.4.18 Real-time experimental results during swell condition, (a) DC-link voltage, (b) 

Source voltage (scale: 200 V/div), (c) Compensation voltage (scale: 73 V/div), (d) Load 

voltage (scale: 200 V/div). 

           
                                           (a)                                (b) 



Chapter-4                      Optimization Reference Extraction Methods with Novel PWM Tech. 

123 
 

          
                                           (c)                               (d) 

                              
                                                                      (e) 

Fig.4.15 Simulation results during unbalanced supply condition, (a) DC-link voltage, (b) 

Source voltage, (c) Compensation voltage, (d) Load voltage after compensation, (e) Load 

voltage spectrum after compensation. 

    
                                       (a)                                    (b) 

    
                                       (c)                                    (d) 

Fig.4.16 Real-time experimental results during unbalanced supply condition, (a) DC-link 

voltage, (b) Source   voltage (scale: 200 V/div), (c) Compensation voltage (scale: 80 V/div), 

(d) Load voltage after compensation (scale: 200 V/div). 
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      Fig. 4.19 (a) and 4.20 (a) provide information about simulation as well as experimental 

results of dc-link capacitor voltage during unbalanced supply voltage condition. Fig. 4.19 

(b), (c) and (d) as well as Fig. 4.20 (b), (c) and (d) show the unbalanced source voltage (

290saV V , 360sbV V  and 410scV V ), compensating voltage and load voltage after 

compensation of the proposed method respectively. Series APF of the UPQC injects a 

proper voltage for regulating the load voltage to its nominal value. Fig. 4.19 (e) shows the 

THD spectrum of load voltage after compensation and it is found to be 2.88 %. 

      Fig.4.21 and 4.22 depict the simulation and experimental study of voltage distortion 

compensation capability of the proposed algorithm. In this case, a 2 % of the 5
th

 and 1 % 7
th

 

harmonic voltage have been mixed with the grid voltage to create voltage distortion. The 

series APF of UPQC acts as a series-type distortion voltage compensator to filter out 

distortion components and provides quality voltage to the load. Fig 4.21 (b), (c) and (d) 

represent the simulation result of source voltage, compensating voltage and load voltage 

after compensation respectively.  

 
                                        (a)                                     (b) 

 
                                        (c)                                    (d) 

 

                                        (e)                                    (f) 
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Fig.4.17 Simulation results during distorted supply condition, (a) DC-link voltage, (b) 

Source voltage, (c) Compensation voltage, (d) Load voltage after compensation, (e) 

Distorted supply voltage spectrum, (f) Load voltage spectrum after compensation. 

      Similarly, Fig 4.22 (b), (c) and (d) represent the real-time experimental result of source 

voltage, compensating voltage, load voltage after compensation and dc-link voltage 

respectively. From the figure it is observed that the load voltage waveform is quite clean and 

sinusoidal.  Thus, it is confirmed that series APF of UPQC can compensate the source 

voltage distortion by utilizing the proposed algorithm. Fig. 4.21 (e) and (f) illustrate the 

THD spectrum of load voltage before and after compensation and they are found to be 9.34 

% and 3.23 % respectively. 

 

                                      (a)                                     (b) 

 

                                      (c)                                    (d) 
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Fig.4.18 Real-time experimental results under distorted supply voltage condition, (a) DC-

link voltage, (b) Source voltage (scale: 200 V/div), (c) Compensation voltage (scale: 25 

V/div), (d) Load voltage after compensation (scale: 200 V/div).  

4.6.2 Simulation and real-time HIL based OPAL-RT result of OAP with FSMC-PWM  

        controller 

      To verify the effectiveness of UPQC, the proposed control strategy has been tested using 

MATLAB/SIMULINK and real-time HIL based OPAL-RT system. The system parameters 

are given in the Appendix-1. The performance of UPQC using OAP with FSMC strategy is 

tested under different power quality events like current harmonics, voltage distortion, 

voltage sag, voltage swell and unbalanced supply voltage condition. 

 
                                       (a)                                      (b) 

Fig.4.23 Simulation result of shunt APF, (a) Shunt APF compensation waveforms during 

steady state condition, (b) Shunt APF compensation waveforms during transient-state 

condition. 

 
                                      (a)                                  (b) 

 
                                       (c)                                   (d) 
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Fig.4.19 Current harmonics spectrum before and after compensation, (a) Source current 

spectrum before compensation during steady-state condition, (b) Source current spectrum 

after compensation during steady-state condition (c) Source current spectrum before 

compensation during transient-state condition, (d) Source current spectrum after 

compensation during transient-state condition. 

      Current harmonics suppression capability of shunt APF is analyzed in both steady state 

and transient state conditions. Fig.4.23 (a) illustrates the simulation result of shunt APF 

during steady-state condition. From top to bottom, the waveforms are source current before 

compensation, compensating current and source current after compensation respectively. 

From the results, it is clear that the proposed OAP-FSMC current control technique for shunt 

APF of UPQC provides an effective compensation of current harmonics reducing THD from 

28.3 % to 2.47 % in the source current. The performance of current harmonics filtering of 

shunt APF during load transient condition is illustrated in Fig.4.23 (b). During transient 

state, the source current THD before and after compensation are found to be 31.8 % and 

3.05 % respectively.  

 
                                   (a)                                (b) 

 
                                   (c)                                (d) 
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Fig.4.20 Real-time experimental results of shunt APF of UPQC during transient condition, 

(a) DC-link voltage during transient-state,  (b) Source current before compensation under 

transient-state, (c) Compensation current under transient -state (d) Source current after 

compensation under transient -state 

      Fig.4.24 (a) and (b) convey the information regarding the THD of source current before 

and after compensation during steady-state condition. Similarly, Fig. 4.24 (c) and (d) provide 

information about THD of source current before and after compensation under transient-state 

condition. Table 4.3 lists THD of source current before and after compensation using ROT-

NVGF control method and OAP-FSMC method. It indicates that proposed OAP-FSMC 

strategy can satisfactorily eliminate all the harmonics from the source current by injecting 

proper compensation current and makes the source current clean and sinusoidal, which 

confirms the superiority of the proposed OAP-FSMC strategy over ROT-NVGF control 

strategy. 

      The real time experimental verifications for shunt APF of UPQC during transient-state 

load condition are depicted in Fig. 4.25. The experimentation has been accomplished at 

switching frequency of 10 kHz. Fig. 4.25 (a), (b), (c) and (d) depict the transient-state 

performance of DC-link voltage, source current before compensation, compensating current 

as well as source current after compensation respectively. 

 
                                     (a)                                    (b) 

Fig.4.21 Simulation result of distorted and supply voltage sag condition, (a) Series APF 

compensation waveform during voltage distortion condition, (b) Supply voltage sag 

compensation waveform. 
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                                        (a)                                     (b) 

                        
                                                                      (c) 

Fig. 4.22 Voltage distortion and sag compensation spectrum, (a) Distorted supply voltage 

spectrum, (b) Load voltage spectrum after compensation during distorted supply condition, 

(c) Load voltage spectrum after compensation during sag condition. 

      Fig.4.26 (a) depicts the performance of UPQC for voltage distortion compensation of 

proposed OAP-FSMC method. The source voltage, compensating voltage and load voltage 

after compensation with proposed OAP-FSMC method are shown in figure from top to 

bottom order respectively. Fig.4.27 (a) and (b) illustrate THD spectrum of load voltage 

before and after compensation during supply voltage distortion condition and they are found 

to be 10.24 % and 2.49 % respectively. Table 4.3 gives the THD analysis of both ROT-

NVGF controller and OAP-FSMC method. From the tabulation, it is clear that the proposed 

OAP-FSMC strategy can satisfactorily eliminate all the distortions in the source voltage by 

injecting proper compensation voltage and makes the load voltage free from all such 

disturbances, which confirms the superiority of the proposed OAP-FSMC strategy over 

ROT-NVGF control strategy.  
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                                  (a)                          (b) 

 
                                 (c)                        (d) 

Fig.4.23 Real-time experimental results of series APF of UPQC, (a) DC-link voltage during 

distorted supply condition, (b) Source voltage under distortion condition, (c) Distortion 

compensation voltage, (d) Load voltage after distortion compensation. 

      Further, in case of supply voltage sag condition, 30 % of sag occurring in the interval of 

0.12 0.21s t s   is considered for four cycles of ac-mains. Fig.4.26 (b) shows the 

compensation effectiveness of proposed OAP-FSMC technique during the sag condition. 

From the top to bottom, the waveforms observed are supply voltage, compensating voltage 

and load voltage of sag condition. Fig. 4.27(c) displays the THD spectrum of load voltage 

after compensation during sag condition and it is found to be 2.11 %. Table 4.4 gives the 

THD comparison of load voltage during sag condition employing ROT-NVGF and OAP-

FSMC technique. From the table it is found that the OAP-FSMC strategy can effectively 

compensate the load voltage with less THD in comparison to the ROT-NVGF control 

technique. 

        
                                        (a)                                 (b) 
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                                        (c)                               (d) 

Fig.4.24 Real-time experimental results of series APF of UPQC during sag condition, (a) 

DC-link voltage during sag condition, (b) Sag Voltage, (c) Sag compensation voltage, (d) 

Load voltage after compensation during sag condition. 

      Fig.4.28 shows a real-time experimental result of voltage distortion compensation 

capability of the OAP-FSMC strategy. Fig.4.28 (a), (b), (c), and (d) show the experimental 

result of DC-link voltage, distorted voltage, compensating voltage and load voltage after 

compensation respectively. From the figure it is observed that the load voltage waveforms 

,la lbV V and lcV  are all sinusoidal. This confirms that series APF of UPQC can efficiently 

compensate the source voltage distortion by utilizing the proposed OAP-FSMC algorithm.  

      Fig. 4.29 shows the experimental result of voltage sag compensation capability of the 

OAP-FSMC method. Fig. 4.29 (a), (b), (c) and (d) show the experimental results of DC-link 

voltage, supply voltage, compensating voltage and load voltage after compensation 

respectively. The series APF of the UPQC injects a proper voltage during voltage sag 

leading to a compensating load voltage. 
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                                    (a)                                     (b) 

   Fig.4.25 Simulation results of DC-link voltage, swell and unbalanced supply compensation, 

(a) DC-link voltage waveforms of shunt and series APF, (b) Swell and unbalanced supply 

compensation waveforms. 

 
                                     (a)                                      (b) 

Fig. 4.26 Voltage swell and supply voltage unbalanced compensation spectrum, (a) Load 

voltage spectrum after compensation during voltage swell condition, (b) Load voltage 

spectrum after compensation during unbalanced supply condition. 
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                                (a)                             (b) 

 
                                (c)                          (d) 

Fig.4.27 Real-time experimental results of series APF of UPQC, (a) DC-link voltage during 

swell condition, (b) Swell Voltage, (c) Swell compensation voltage, (d) Load voltage after 

compensation during swell condition. 

      Fig.4.30 (a) analyzes the DC-link voltage performance of proposed controller during 

steady and transient state condition of load and supply voltage. The transient condition 

involves with sudden load change at 0.15 s, supply voltage sag/swell and source voltage 

unbalance. During these transient conditions voltage across the dc-link capacitor deviates 

from its reference value. The magnitude of the dc-link voltage deviation depends on the size 

of a load connected, disconnected to the power distribution line and depth of sag/swell on 

the supply side. The DC-link voltage of proposed controller method for steady state load 

condition, transient load condition, voltage distortion condition, voltage sag/swell and 

supply voltage unbalance is shown in figure from top to bottom order. However, it is 

observed from the figure that the variations of DC-link voltage are quite satisfactory. The 

capacitor voltage is able to settle down within a minimum amount of time, both in initial and 

transient condition of load and supply voltage. 
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                                    (a)                                (b) 

 
                                   (c)                               (d) 

Fig.4.28 Real-time experimental results during unbalanced supply voltage condition, (a) 

DC-link voltage, (b) Source voltage, (c) Unbalanced compensation voltage, (d) Load voltage 

after compensation. 

Table 4.3 Comparison of source current THD and load voltage THD 

Type of condition Before 

Compensation 

Compensation with UPQC 

NLSMC with 

modified SRF 

controller 

ROT with NVGF 

hysteresis 

controller 

OAP with 

FSMC-

PWM 

control 

strategy 

Source current THD 

during Steady-state 

condition 

28.3 % 3.54 % 3.15 % 2.81 % 

Source current THD 

during 

Transient-state 

condition  

31.8 % 3.77 % 3.35 % 3.05 % 

Load voltage THD 

during distorted 

supply condition 

10.24 % 3.04 % 2.63 % 2.39 % 
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      Moreover, in case of voltage swell and unbalanced supply voltage condition, 20 % of 

swell is considered here, occurring in the interval of 0.12 0.21s t s  for four cycles of ac-

mains. Similarly, voltage unbalance is created by considering 290saV V , 360sbV V  and 

410scV V . Fig.4.30 (b) shows the simulation result of compensation effectiveness of 

proposed OAP-FSMC technique during swell and voltage unbalance condition. From the top 

to bottom, the waveforms observed are supply voltage, compensating voltage, load voltage 

of both swell and unbalanced supply voltage condition. Fig. 4.31 displays the THD spectrum 

of load voltage after compensation during swell and unbalanced supply condition and they 

are found to be 2.05 % and 2.38 % respectively. Table 4.4 gives the THD comparison of 

load voltage using ROT-NVGF and OAP-FSMC technique. From the table it is found that 

the OAP-FSMC strategy can effectively compensate the load voltage with less THD in 

comparison to the ROT-NVGF control technique. 

 Table 4.4 Comparison of load voltage THD during dynamic condition of supply voltage  

Type of condition Compensation with UPQC 

NLSMC with 

modified SRF 

controller 

ROT with NVGF 

hysteresis controller 

OAP with 

FSMC-PWM 

control strategy 

Load voltage THD after 

compensation during 

supply voltage sag 

condition 

2.32 % 2.24 % 2.11 % 

Load voltage THD after 

compensation during 

supply voltage swell 

condition 

2.27% 2.18 % 2.05 % 

Load voltage THD after 

compensation during 

supply voltage unbalance 

condition 

2.71 % 2.52 % 2.38 % 

      Fig. 4.29 represents experimental results of voltage swell compensation capability of the 

proposed algorithm. Fig. 4.32 (a), (b), (c) and (d) show the DC-link voltage, supply voltage, 

compensating voltage and load voltage after compensation respectively. The series APF of 

the UPQC injects a proper voltage during voltage swell leading to a compensating load 

voltage. Fig.4.33 shows an experimental study of voltage unbalance compensation capability 

of the proposed algorithm. Fig.4.33 (a) shows the DC-link voltage during unbalanced supply 
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condition. Fig.4.33 (b) shows the waveforms of the three phase unbalanced voltages. Fig. 

4.33 (c) and (d) depict compensation voltage and load voltage after compensation 

respectively. Series inverter of the UPQC injects the proper amount of compensating voltage 

for regulating the load voltage to its nominal value. 

4.7  Chapter Summary 

      This chapter presents a novel approach for reference signal generation based on ROT 

method and OAP technique. The ROT based reference generation method utilizes EPLL for 

perfect extraction of positive sequence signal during power system perturbation and self-

regulates the dc-link voltage by analyzing the peak amplitude of source current. It is 

observed from the both simulation and experimental results that the proposed approach 

improves many drawbacks of NVGF and NLSMC technique, such as delay in response time 

due to presence of LPF in dc-link loop and undesirable overshoot as well as undershoot 

occurred during transient condition. 

      It is also observed from the result that proposed NVGF hysteresis band controller 

provides variable-band with uniform switching frequency and less band violation in 

comparison to adaptive hysteresis controller. Thus, the proposed technique provides better 

tracking performance in all operating conditions of power system network and delivers 

smoother sinusoidal source current and voltage in comparison to the adaptive hysteresis 

controller. Thus, this technique reduces the band violation and provides excellent tracking 

performance in a wide range of power system dynamic condition. 

     The novel OAP based reference generation method utilizes EPLL for perfect extraction 

of positive sequence signal during power system perturbation and presents a novel fixed 

frequency based FSMC PWM control strategy for UPQC. These control strategies mainly 

compensates current and voltage harmonics, reactive power, voltage sag/swell and voltage 

distortions present in the supply voltage. The OAP and EPLL control structures added to the 

UPQC system quickly extract the reference signal from the supply voltage as well as self-

regulate the dc-link capacitor voltage considering the peak amplitude of reference source 

current. Thus, the response time for controlling dc-link voltage can be significantly 

improved in comparison to the ROT based control strategy.  Additionally the proposed 

FSMC based PWM technique provides higher tracking performance with lower switching 
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losses and eliminates the chattering problem associated with the sliding mode controller. 

From the experimental validation, it is clear that the proposed control strategy of UPQC is 

robust with excellent recovery feature to sudden load and supply voltage variation. The 

simulation and experimental results show that the proposed UPQC not only mitigates 

current harmonics correctly but also compensates voltage related problems such as voltage 

distortion, voltage sag/swell and voltage unbalance efficiently as compared to the ROT-

NVGF method. 
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Chapter 5 

High Performance UPQC using Command Generator Tracker 
(CGT) Based Direct Adaptive Control Strategy  

5.1 Introduction 

In the previous chapter, ROT based NVGF hysteresis controller and OAP based FSMC 

PWM controller of UPQC are discussed. Simulation and experimental results are also 

presented. ROT-NVGF and OAP-FSMC based UPQC control strategies are adaptive as well 

as robust and able to mitigate the PQ problems satisfactorily during all dynamic conditions 

of power system perturbation. However, performances of these controllers fail when there is 

a variation occurred either in the nonlinear load parameter or supply voltage parameter. 

Thus, UPQC may not be able to compensate PQ problems satisfactorily under those 

conditions. 

      Keeping above facts into consideration, this chapter proposes a particular control 

strategy of UPQC by employing command generator tracker (CGT) based direct adaptive 

control (DAC) [114] to eliminate PQ problems such as current harmonics, voltage sag/swell, 

voltage distortion and voltage unbalance present in the power distribution network. First, the 

command input signals ( )abcr are formulated with respect to three step-input signals, which 

are associated with three different step times for producing 120
0 

phase shifted signal. Then, 

the command generator tracker (CGT) also known as model reference tracker (MRT) is 

designed by considering the reference model as an ideal oscillator. When three step-input 

signals having different step times are multiplied with the desired amplitude of source 

current and load voltage and fed into the reference model, then output would result in a 

desired sinusoidal reference signal. This provides a self-supporting dc-link voltage 

regulation by active power balancing system. In this system, the peak value of the reference 

current is responsible for proportionally changing of real power drawn from the supply. 

Therefore, any small variation of capacitor voltage gets regulated by the real power flowing 

through the shunt inverter into the dc-link capacitor and makes the dc-link voltage constant 

by keeping a power balance between AC and DC sides. 
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      Finally, control law for UPQC is designed through appropriate adaptive gains, which are 

selected from the states of the CGT and tracking error. Therefore, asymptotic tracking is 

achieved by keeping the difference between true UPQC output and CGT output nearly zero. 

Thus, the states of the UPQC maintain desired trajectories in all operating conditions of the 

power system. These control inputs are applied to the triangular carrier pulse width 

modulator (PWM) controller for generation of required switching pulse for shunt and series 

APF of UPQC. Therefore, the proposed algorithm provides more robustness, flexibility and 

adaptability in all operating conditions of the power system over an OAP-FSMC technique. 

The performance of the proposed approach is validated through MATLAB/SIMULINK 

followed by the real-time experimental studies utilizing hardware-in-the-loop (HIL) system 

OPAL-RT simulator (OP5600). For analyzing current and voltage tracking performance of 

UPQC, a comparative assessment has been performed between proposed CGT-DAC 

approach and OAP-FSMC approach. 

5.2 Structure of UPQC 

 
                                                   Fig.5.1 Structure of UPQC. 

      Fig. 5.1 shows the structure of a UPQC, which is an integration of two voltage source 

inverter (VSI) connected back to back through a common dc-link bus [70]. One VSI is 

connected in parallel with the load which behaves as a shunt inverter and another one is 

connected in series with the line demonstrated as a series inverter. The shunt inverter has the 

best capability for tackling current related problems; however the series inverter is most 

appropriate for voltage related problems. A three phase uncontrolled diode-bridge rectifier 
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with resistive LR  and inductive LL  load is used as a nonlinear load for producing current 

harmonics. Shunt interfacing inductor ( )shfL  is utilized for coupling the shunt inverter to the 

system network and shunt capacitance shC connected across shunt inverter is utilized to 

remove the switching frequency components still remaining in the terminal voltage. The LC  

filter serves as a passive low-pass filter (LPF) to remove the high-frequency switching 

ripples present in the series inverter output voltage. The series transformer connected in 

series with the power line is utilized to establish a link between the series inverter and the 

system network. 

5.3 Plant model for UPQC 

      The single phase equivalent representation of the UPQC in a power system distribution 

network is shown in Fig. 5.2.  The LC  filter connected to the series inverter is signified by 

sefL  and efC , whereas the resistance sefR   and shfR  represent as switching losses in the 

series and shunt inverter, respectively.   

 

                          Fig.5.2. Single phase equivalent representation of UPQC. 

      Similarly, shfL  and shC  are represented as coupling inductor and filter capacitor of shunt 

inverter respectively. The voltage across shC  is denoted as LV and voltage across efC  is 

represented as CV  utilizing as a series injection voltage, whereas ci  represents as injection 

current for the shunt inverter.  . 1dcV u  and . 2dcV u  denote as switching voltages across the 

series and shunt inverter output  terminals of the UPQC respectively. 
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       The state space model of the above system is analyzed with four state variables as three 

loop current and two capacitor voltage and can be represented as 

 1 2 3, , , ,
T

C Lx i i i V V                                                                                                          (5.1) 

      The single-phase equivalent circuit model of UPQC consists of three forcing functions 

namely the source voltage SV  and switching variables 1u as well as 2u . The control vector 

can be represented by 

 1 2,
T

u u u                                                                                                                         (5.2) 

      By considering the state vector ' 'px , control vector ' 'u  and forcing functions ' 'SV , the 

complete state-space equation becomes 

1 2p p p Sx A x B u B V                                                                                                         (5.3) 

      In order to derive the state matrices 1,pA B and 2B , we apply the Kirchhoff‟s voltage 

and current laws to the three current loops specified in Fig.5.2. 

From the current loop 1i , the state variable 1i  becomes, 

1 1

1 1 1shf

S C L

shf shf shf shf

R
i V i V V

L L L L
                                                                                  (5.4) 

      Similarly the state variables 2i  and 3i  are obtained from current loops 2i and 3i . Also 

they are denoted by the following expressions. 

2 1 2

1sefdc
C

sef sef sef

RV
i u i V

L L L
                                                                                                 (5.5)                                                                                                       

3 2 3

1shfdc
L

sef shf shf

RV
i u i V

L L L
                                                                                                (5.6) 

The state variables for capacitor voltage efC  and shC are given as 

1 2

1
( )C

e f

V i i
C

                                                                                                                  (5.7)                                                                                                                                   

 
1

sh L sh

sh

V V ic
C

                                                                                                             (5.8)   
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     By re-arranging the Eq. (5.4)-(5.7), the following matrix coefficients are obtained for the 

UPQC, which acts as a plant. 

1 1
0 0

1
0 0 0

1
0 0 0

1 1
0 0 0

1 1
0 0 0

shf

shf shf shf

sef

sef sef

shf

p

shf shf

ef ef

sh sh

R

L L L

R

L L

R
A

L L

C C

C C

 
   
 
 
  
 
 
 

  
 
 
 
 
 
 
 
  

; 1

0 0

0

0

0 0

0 0

dc

sef

dc

shf

V

L

V
B

L

 
 
 
 
 
 
 
 
 
 
 
  

; 
2

1

0

0

0

0

shfL

B

 
 
 
 
 

  
 
 
 
 
 

              (5.9) 

The output equation of the plant is given by the following expression. 

1 2p p p Sy C x D u D V                                                                                                     (5.10) 

where 

1 0 0 0 0

0 0 0 0 1
pC

 
  
 

; 1

0 0

0 0
D

 
  
 

; 2

0 0

0 0
D

 
  
 

.   

      In the state space model, the supply voltage SV  is considered as exogenous input. The 

load voltage LV  and the source currents si  are reflected as outputs of the plant and the 

variables 1u  and 2u are the control inputs to the plant. Consequently, state variables can be 

represented in terms of the network parameters as follows.  

1

2

3

1 3

s

se

c

inj c

sh l

i i

i i

i i

V V

ic i i i

 






 

   

                                                                                                                (5.11)                                                                                                    

 where sei  is the current flowing through sefR  and sefL . 
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5.4. CONTROL DESIGN  

      In this section, two approaches normally CGT and DAC are considered. CGT is 

employed for reference signal generation and DAC for controlling the tracking performance 

between output of the plant ( , )T
p s ly i V and the reference signal

* *
( ) ( , )abc s lr i V . Further, 

this tracking error is utilized as a part of a set of evaluated equations of adaptive control law 

by adjusting the control gains. This adaptation rule progressively minimizes the error 

between plant output and CGT output. Therefore, this adaptive control law provides better 

tracking performance [115] throughout the load and supply side perturbations.  

5.4.1 Construction of the CGT based reference generation 

      The design of CGT based reference control technique is based on attaining the output 

response of the plant (UPQC). As source current si  and load voltage LV are considered as 

the plant outputs, these signals are to be maintained as pure sinusoidal waves of nominal 

amplitude and frequency of power system network. Therefore, CGT reference model design 

specifications are incorporated in such a way that, when reference step-inputs are fed into 

the model, the CGT model behaves like an ideal oscillator and generates sinusoidal wave of 

frequency 50Hz with amplitude equivalent to peak value of source current and load voltage.  

      A linear time-invariant reference model can be defined for both shunt and series inverter 

of UPQC. The state space model for both shunt and series inverter can be defined as 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

r abc r abc r abc r abc msh abc

r abc r abc r abc

x A x B u

y C x

 




                                                                            (5.12) 

      where ( )r abcx  is the ( ) 1r abcn  model state vector, ( )msh abcu  and ( )mse abcu are the 1r  

model command inputs for shunt and series inverter reference model respectively, ( )r abcy is 

the 1r  model output vector, ( )r abcA , ( )r abcB and ( )r abcC are the reference model system 

matrix and system output matrix. These matrices are defined as 

   ( ) ( ) ( , )2

0 1
, 0;1 , 315 315

0
r abc r abc r a bA B C



 
    

 
and  315 315rcC                 (5.13)                               

where 2 f    , f is the fundamental frequency. 
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      Fig. 5.3 (a) and (b) show the CGT based reference signal generation model for both 

shunt and series inverter. This model consists of peak amplitude computation blocks, 

command generation input blocks and reference model blocks respectively. The 

computational block utilizes Eq. (5.14) and (5.15) for calculating the peak amplitude of 

source current ( )spI and load voltage ( )lpV  and these equations are defined as follows. 

                      

                                                                      (a) 

                     

                                                                     (b) 

Fig.5.3 CGT based reference generation model (a) Reference signal generation for shunt 

APF, (b) Reference signal generation for series APF. 

 
1

2 2 2 22 3( )sp sa sb scI i i i                                                                                                   (5.14) 

 
1

2 2 2 22 3( )lp la lb lcV V V V                                                                                                 (5.15) 

      Next three step-input signals as command reference input signal ( abcr ) are applied to the 

model. Each step signal is associated with a different step time of 0.01ar ms , 

0.067br ms , 0.035cr ms , which result in 120
0
 phase shifted reference signals at the 

reference model outputs. The command input signals for shunt inverter reference model and 

series inverter reference model are calculated by the following expressions. 
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( ) ( )msh abc sp h abcu I r                                                                                                          (5.16) 

( ) ( )mse abc lp s abcu V r                                                                                                          (5.17) 

 When these command input signals are fed into the reference model, sinusoidal reference 

signal for shunt inverter ( ( ) _s abc refi ) and series inverter ( _la refV ) are produced from output of 

the model.  

5.4.2 Direct adaptive control algorithm  

          

                        Fig.5.4 Overall control structure of the UPQC. 

      In this section, a single phase analysis of DAC technique is analyzed and this control 

methodology automatically finds the corrected gain and adjusts the control law effectively to 

minimize the tracking error between model ( )( )r sh sey   and plant ( )py outputs. Thus, the 

tracking error is defined as 

( ) ( )r sh se r sh se pe y y                                                                                                         (5.18) 

      The overall control structure of UPQC is shown in Fig.5.4. The DAC control algorithm 

block is utilized for computing the adaptive control law so that the tracking error ( )r sh see   of 

both shunt and series inverter are approached to zero. To achieve this control objective, the 

adaptive control law is chosen according to the CGT control law [116] and this control law 

is defined as follows. 

( ) ( ) ( ) ( ) ( ) ( )[ ]p sh se x sh se r u sh se m sh se e sh se r sh se pU k x k u k y y                                              (5.19) 
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where ( )p sh seU   is the control law, ( )m sh seu   is the step input signal, ( )x sh sek  , ( )u sh sek   as well 

as ( )e sh sek   are the adaptive gains of both shunt and series inverter.  

The state vector rx  is computed from Eq. (5.12) and is defined below. 

r
r

r

y
x

C
                                                                                                                              (5.20) 

      To rearrange the calculations given below, the adaptive gains are concatenated into the 

rm n matrix ( )r sh sek  , which is characterized as follows. 

 ( ) ( ) ( ) ( )r sh se e sh se x sh se u sh sek k k k                                                                                    (5.21) 

      Similarly, if the states vectors are set into appropriate places in the 1rn   vector form, 

then the corresponding vector ( )s t  is defined as follows. 

( ) ( )

( ) ( )

( )

( )

r sh se r sh se p

r r

m sh se m sh se

e y y

s t x x

u u

 

 

   
   

    
   
   

                                                                                (5.22) 

  Then  

( ) ( ) ( )p sh se r sh seU k s t                                                                                                        (5.23) 

The concatenated gain ( )r sh sek   defined above is equivalent to the sum of a proportional gain 

( )p sh sek  and integral gain ( )I sh sek  , which is defined as follows. 

( ) ( ) ( )r sh se p sh se I sh sek k k                                                                                                  (5.24) 

However, the proportional gain and integral gain are defined as below. 

( ) 1( ) ( )T
p sh sek v t s t T                                                                                                         (5.25) 

 ( ) 2( ) ( )T
I sh sek v t s t T                                                                                                        (5.26) 

where  
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( ) ( )( ) ( )p r sh se r sh se pv t C e y y                                                                                       (5.27) 

 and 1T , 2T are r rn n time-invariant weight matrices. Selection of these weight matrices is 

considered according to the sufficient conditions for stability [35] and these matrices are 

given as 

                  1 0.00025T  ,                       2

0.0001 0 0

0 0.0001 0

0 0 0.0001

T

 
 


 
  

 

5.5  Simulation result 

      To validate the performance of the proposed control algorithm, a comprehensive 

simulation study is accomplished in the MATLAB/SIMULINK environment. The simulated 

test system data are given in Appendix-1. Performance of the proposed CGT-DAC 

algorithm is simulated and compared with the OAP-FSMC strategy. Simulation studies of 

steady-state and dynamic conditions for both load as well as source sides are performed and 

discussed in the following. 

A. Case 1: Performance comparison of dc-link voltage during steady and dynamic state 

condition. 

      Case-1 analyzes the DC-link voltage performance comparison of both OAP-FSMC and 

proposed CGT-DAC controller during steady-state and transient-state condition. In this 

comparison, the time required for stable operation is analyzed. The dynamic condition 

involves with sudden load change at 0.15s, voltage sag/swell and source voltage unbalance. 

During these dynamic conditions voltage across the dc-link capacitor deviates from its 

reference value. The magnitude of the dc-link voltage deviation depends on the size of a 

load connected, disconnected to the power distribution line and depth of sag/swell on the 

supply side. The DC-link voltage stability condition for OAP-FSMC method is shown in 

Fig.4.31 (a) (chapter-4). Similarly, the waveforms for steady-state and transient-state load 

conditions in CGT-DAC method are shown in Fig.5.5 (a), where voltage distortion, voltage 

sag/swell and supply voltage unbalance are represented from top to bottom order. It is 

perceived from the Fig. 4.31 (a) that during steady-state condition of load, the OAP-FSMC 

method takes 0.018s for stabilizing the dc-link voltage at the initial stage. But when the load 

changes from LR  42  , LL  35 mH to LR  34  , LL  28 mH with a step change of 
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0.15 s to 0.3 s, it nearly takes 0.05 s to reach its steady state value. Similarly, during voltage 

distortion condition the OAP-FSMC method takes 0.016 s for stabilizing the dc-link voltage 

at the initial stage and also contains some ripples in dc-link voltage. During sag/swell 

conditions, the dc-link voltage falls to 560 V and 580 V respectively at 0.13 s from its 

reference value and takes 0.09 s and 0.08 s for stabilization. In case of the unbalanced 

supply voltage condition, OAP-FSMC method takes 0.018 s for stabilizing the dc-link 

voltage and further some ripples are observed in DC-link voltage. However, in case of 

proposed CGT-DAC method, DC-link voltage stabilizes within 0.011 s at the initial stage 

and in the transient condition, it takes about 0.02 s to reach its steady state. Additionally, the 

steady state ripples in DC-link voltage are negligible. Thus, it helps in reduction of steady 

state distortion in source current. Similarly, during voltage distortion condition, the proposed 

CGT-DAC method takes 0.012 s for stabilizing the dc-link voltage at the initial stage and 

also the steady state ripples in DC-link voltage are small. When sag and swell occur in the 

supply side, DC-link voltage falls to 590 V and 610 V respectively at 0.13 s and takes about 

0.05 s and 0.04 s to become stable. In unbalanced case, the proposed method takes 0.013 s 

for stabilizing the dc-link voltage at the initial stage and it doesn‟t deviate from its original 

position and always follows the reference value. Thus, the proposed CGT-DAC method 

enhances the performance of UPQC to a large extent. Table 5.1 gives a comparative study of 

the DC-link performance for OAP-FSMC and CGT-DAC method. 

B. Case 2: Tracking Performance during dynamic Load and supply condition  

      In this case, tracking performance of proposed control strategy is compared with the 

OAP-FSMC method, which is utilized in inner loop for current tracking performance in 

shunt APF and voltage tracking performance in series APF. Fig.5.5 (b) shows the current 

and voltage tracking performance of OAP-FSMC method and the proposed method during 

dynamic load condition and source voltage sag condition in a top to bottom order. 

      For current tracking performance in case of OAP-FSMC method, the tracking time delay 

is 0.003s before load changing condition, whereas it is increased to 0.008s when the load 

changes with a step change of 0.15 s to 0.3 s. In case of proposed one, tracking time delay is 

almost 0.001s before load changing condition and 0.003s after load changing condition. For 

voltage tracking performance in case of OAP-FSMC method, the tracking time delay before 

sag condition is almost 0.003 s, whereas it is increased to 0.012 s during sag condition. In 
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case of proposed CGT-DAC method, the tracking time delay before sag condition is 0.003 s, 

whereas it is increased to 0.006 s during sag condition. Table 5.2 summarizes the 

comparison of tracking performance of both OAP-FSMC method and the proposed CGT-

DAC method. 

C. Case 3: Overall performance of UPQC 

      The overall performance of the UPQC in both steady and dynamic condition of load and 

supply voltage is demonstrated here. The performances of shunt APF during steady-state 

and dynamic condition are shown in Fig.5.5 (c) and (d). 

    
                                       (a)                                      (b) 

Fig.5.5 Simulation results for operating performance of the UPQC system, (a) Performance 

comparison of DC-link voltage using PI-controller and CGT-DAC method, (b) Tracking 

Performance comparison of  PI-controller and CGT-DAC method, (c) Performance of the 

shunt APF of the UPQC during steady state condition, (d) Performance of the shunt APF of 

the UPQC during load dynamic condition, (e) Performance of series converter of UPQC 

during sag/swell condition using CGT-DAC method, (f) Performance of series converter of 

UPQC during distorted and unbalanced  supply condition using CGT-DAC method. 
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                                    (c)                                   (d) 

  

                                    (e)                                   (f) 

  Fig.5.5 Simulation results for operating performance of the UPQC system (Continued) 
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   Table 5.1 Comparison of the OAP-FSMC and CGT-DAC for DC-link voltage control  

                  performance 

Type of conditions OAP-FSMC 

method 

CGT-DAC 

method 

Time required for stabilization at initial stage during 

steady-state and transient-state condition 

0.018 s 0.011 s 

Time required for stabilization at initial stage during 

voltage distorted and unbalanced supply condition 

0.016 s and 

0.018 s 

0.012s and 

0.013 s 

Time required for stabilization at load dynamic 0.05 s 0.02 s 

Time required for stabilization at sag condition 0.09 s 0.05 s 

Time required for stabilization at swell condition 0.08 s  0.04 s 

  Table 5.2 Tracking performance comparison of both OAP-FSMC and CGT-DAC method.  

                     

Conditions 

OAP-FSMC method CGT-DAC method 

Before load 

change or 

before sag 

condition 

After load 

change or 

during sag 

condition 

Before load 

change or 

before sag 

condition 

After Load 

change or during 

sag condition 

Tracking time-

delay of shunt 

APF 

0.003 s 0.008 s 0.001 s 0.003 s 

Tracking time-

delay of series 

APF 

0.003 s 0.012 s 0.003 s 0.006 s 

       
                                    (a)                                   (b) 

     
                                    (c)                                   (d) 

Fig.5.6 Current harmonics spectrum before and after compensation, (a) Source current 

spectrum before compensation during steady-state condition, (b) Source current spectrum 

after compensation during steady-state condition (c) Source current spectrum before 

compensation during transient-state condition, (d) Source current spectrum after 

compensation during transient-state condition. 
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     From top to bottom, the waveforms observed are source current before compensation, 

compensating current, and source current after compensation using proposed CGT-DAC 

method. From the figure, it is observed that during steady-state and dynamic load 

conditions, proposed CGT-DAC method provides better reduction of harmonics from source 

current and makes the source current more sinusoidal as compared to the OAP-FSMC 

method. Fig.5.6 (a) and (b) convey the information regarding the THD for source current 

before and after compensation during steady-state condition. Similarly, Fig.5.6 (c) and (d) 

provide the information about the THD for source current before and after compensation 

under transient-state condition. Table 5.3 lists the THD of source current before and after 

compensation using OAP-FSMC method and CGT-DAC method. It indicates that THD of 

the source current of OAP-FSMC method during steady-state and transient-state condition 

are found to be 2.81 % and 3.05 % respectively, whereas in case of proposed CGT-DAC 

method, they are reduced to 2.15 % and 2.43 % respectively.  

      Fig.5.5 (e) shows the sag/swell voltage compensation performance, where the series 

converter is utilized to compensate the load voltage around its nominal value by proper 

injection of compensating voltage through series transformer. Fig.5.5 (f) shows the 

compensation performance of series converter of UPQC for compensating harmonics in 

distorted supply voltage and unbalanced supply voltage. It is clear that, the proposed control 

strategy satisfactorily eliminates all distortions and unbalances present in the source voltage 

by injecting proper compensation voltage and makes the load voltage free from all such 

disturbances, which confirms the superiority of the proposed control strategy. 

 Figs. 5.7 (a) and (b) display the THD spectrum of load voltage after compensation during 

sag and swell condition, and they are found to be 1.98 % and 1.88 %. Table 5.4 gives the 

THD comparison of load voltage during sag and swell condition using OAP-FSMC 

technique and CGT-DAC technique. From the Table it is found that the CGT-DAC strategy 

can effectively compensate the load voltage with less THD in comparison to the OAP-

FSMC technique. 

      Fig.5.7 (c) and (d) illustrate the THD spectrum of load voltage before and after 

compensation during supply voltage distortion condition and they are observed to be 10.24 

% and 2.25 % respectively. Table 5.4 gives the THD analysis of both OAP-FSMC method 

and CGT-DAC method. From the table, it is clear that, the proposed CGT-DAC strategy can 
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satisfactorily eliminate all the distortions present in the source voltage by injecting proper 

compensation voltage and makes the load voltage free from all such disturbances, which 

confirms the superiority of the proposed CGT-DAC strategy over OAP-FSMC strategy.  

   Fig. 5.7 (e) displays the THD spectrum of load voltage after compensation during 

unbalanced supply condition and it is found to be 2.07 %. Table 5.4 gives the THD 

comparison of load voltage using OAP-FSMC technique and CGT-DAC technique. From 

the table it is found that the proposed CGT-DAC strategy can effectively compensate the 

load voltage with less THD in comparison to the OAP-FSMC technique. 

5.6. Experimental validation using the real time HIL system 

      The real time experimental verifications for shunt inverter of UPQC by utilizing the 

proposed CGT-DAC technique are depicted in Fig. 5.8. The experimentation has been 

accomplished at switching frequency of 10 kHz. Fig. 5.8 (a), (b), (c) depict the steady-state 

performance of source current before compensation, compensating current and source 

current after compensation respectively.   

                                Table. 5.3 Comparison of source current THD.  

Type of condition Before 

Compensation 

Compensation with UPQC 

OAP-FSMC 

method 

CGT-DAC 

method 

Source current THD in steady-state 

condition 

31.6 % 2.81 % 2.15 % 

Source current THD in transient-

state condition 

31.6 % 3.05 % 2.43 % 

     Table 5.4. Comparison of load voltage THD during dynamic condition of supply voltage 

Type of condition Compensation with UPQC 

OAP-FSMC 

method 

CGT-DAC  

method 

Load voltage THD after compensation 

during supply voltage sag condition 

2.11 % 1.98 % 

Load voltage THD after compensation 

during supply voltage swell condition 

2.05 % 1.88 % 

Load voltage THD during distorted 

supply condition (THD 10.24%) 

2.39 % 2.25 % 

Load voltage THD after compensation 

during supply voltage unbalance 

condition 

2.38 % 2.07 % 
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                                    (a)                                   (b) 

     
                                    (c)                                           (d) 

                                  
                                                                          (e) 

Fig. 5.7 Voltage sag/swell, voltage distortion and  supply voltage unbalance compensation 

spectrum, (a) Load voltage spectrum after compensation during voltage sag condition, (b) 

Load voltage spectrum after compensation during voltage swell condition, (c) Distorted 

supply voltage spectrum, (d) Load voltage spectrum after compensation, (e) Load voltage 

spectrum after compensation during unbalanced supply condition. 

      Fig. 5.8 (d) shows the source current before compensation under transient state condition 

with a step change of load at t= 0.15 s. Fig. 5.8 (e) and (f) provide the information about 

compensating current and source current after compensation respectively and it is observed 

that proposed controller effectively eliminates all harmonics from source current and makes 

the source current sinusoidal.  Fig. 5.9 shows the voltage sag/swell compensation capability 

of the proposed CGT-DAC method. For this reason, 30 % of voltage sag has been considered 

for the grid voltage for a period of three cycles. Fig.5.9 (a), (b) and (c) show the experimental 

results of supply voltage ( )SV , compensating voltage ( )CV  and load voltage ( )LV  

respectively. The series inverter of the UPQC injects a proper voltage during voltage sag 

leading to a compensating load voltage. Fig. 5.9 (d), (e) and (f) represent experimental results 

of voltage swell compensation capability of the proposed CGT-DAC algorithm. In this case, 

20 % of voltage swell for a time interval of three cycles has been applied to the grid. Fig.5.10 

shows the experimental result of distortion voltage compensation capability of the proposed 
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algorithm. In this case, 2 % of the 5
th

 and 1 % of 7
th

 harmonic voltage have been mixed with 

the grid voltage to create distortion voltage. The series inverter of UPQC acts as a series-type 

distortion voltage compensator to filter out all distortions present in the supply voltage and 

provides quality voltage to the load.  

     
                                        (a)                                     (b) 

     
                                        (c)                                    (d) 

     
                                        (e)                                    (f) 

Fig.5.8  Real-time experimental results of proposed CGT-DAC method, (a) Source current 

before compensation under steady-state, (b) Compensation current under steady-state, (c) 

Source current after compensation under steady-state, (d) Source current before 

compensation under load dynamic condition, (e) Compensation current under load dynamic 

condition, (f) Source current after compensation under load  dynamic condition. 
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                                    (a)                               (b) 

 

                                    (c)                               (d) 

     

                               (e)                        (f) 

 Fig.5.9 Real-time experimental results under sag/swell condition with proposed CGT-DAC 

method, (a) Source voltage with sag, (b) Sag compensation voltage, (c) Load voltage after 

sag compensation, (d) Source voltage with swell, (e) Swell compensation voltage, (f) Load 

voltage after swell compensation. 
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                                      (a)                                   (b) 

        
                                      (c)                                  (d) 

       
                                       (e)                                   (f) 

Fig.5.10 Real-time experimental results under voltage distortion and unbalance condition, 

(a) Source voltage with distortion, (b) Distortion compensation voltage, (c) Load voltage 

after distortion compensation, (d) Source voltage with unbalance, (e) Unbalance 

compensation voltage, (f) Load voltage after unbalance compensation. 

      Fig.5.10 (a), (b) and (c) show the experimental results of supply voltage under distortion 

condition, compensating voltage and load voltage respectively. From the figure, it is 

observed that the load voltage waveforms ,La LbV V and LcV  are sinusoidal. This is confirmed 
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that by utilizing the proposed CGT-DAC algorithm, series inverter of UPQC compensates 

the source voltage distortion effectively. Fig.5.10 (d), (e), and (f) show an experimental 

study of voltage unbalance compensation capability of the proposed CGT-DAC algorithm. 

Fig.5.10 (d) shows the waveforms of the three phase unbalanced voltages. In this study, 

voltage unbalance is created by considering three different amplitudes such as 280SaV V ,

360sbV V and 400scV V . Fig. 5.10 (e) and (f) depict compensation voltage and load 

voltage respectively. Series inverter of the UPQC injects the proper amount of compensating 

voltage for regulating the load voltage to its nominal value. 

   5.7. Chapter Summary 

      In this chapter, a novel CGT based model reference approach for reference signal 

generation and DAC method for  reduction  of tracking error between plant output and 

model output have been presented for the control of a UPQC. The CGT based reference 

generation method can self-regulate the dc-link voltage by considering the peak amplitude 

of source current and minimizes the effects of dc-link voltage deviation during load and 

source dynamic condition. This approach improves several feature of OAP-FSMC method, 

such as delay in response time and undesirable overshoot as well as undershoot occurred 

during the transient condition.  

      The proposed DAC method adaptively changes the control gain according to the wide 

range of power system dynamic condition. As a result, it provides better tracking 

performance in all operating conditions of the power system network and delivers smoother 

sinusoidal source current and voltage in comparison to the OAP-FSMC method. This 

adaptive performance of the UPQC is first verified through the simulation studies. 

Experimental studies on the HIL system with the OPAL-RT platform are then carried out to 

validate its real-time implementation. The compensation capability of the UPQC for 

harmonics in the load voltage and supply current, voltage sags/swell and voltage unbalance 

is accomplished successfully. 
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Chapter 6 

Model Reference Robust Adaptive Control (MRRAC) based 
Experimental Prototype set-up for UPQC 

6.1 Introduction 

In the previous chapters, several novel control strategies of three-phase three-wire UPQC 

system are discussed and simulation and experimental results are also presented. It is 

concluded that all proposed control techniques efficiently eliminate the PQ problems such as 

current harmonics, voltage distortion, voltage sag/swell and unbalanced supply voltage 

presented in the power system distribution network. However, all these control strategies 

discussed are mainly utilized in three phase three wire industrial and commercial nonlinear 

loads such as three phase variable speed drives, uninterruptable power supply (UPS), three 

phase rectifiers, arc furnaces, magnetic cores and resistance arc welders. However, a 

significant portion of nonlinear loads used in the domestic and service industries are single 

phase loads. These nonlinear loads such as personal computers, printers, copiers, and fax 

machines are finding their way into nearly every desk. In these loads, an AC system is 

usually connected to a low cost single-phase rectifier with a capacitor filter on DC side. The 

current drawn by this type of load is discontinuous because the capacitor only draws current 

for short period of time. Therefore source current is distorted normally over 70% [117] that 

results in failure or missed operation in all of these equipments.   

      To overcome the aforesaid single phase PQ issues, this chapter discusses about the 

single phase UPQC system by developing a prototype experimental set-up for testing 

robustness of the proposed model reference robust adaptive control (MRRAC). The 

objective of this experimental set-up is to demonstrate the working of a single phase UPQC 

system by compensating numerous PQ problems such as current harmonics, and voltage 

sag/swell.  The performance capability of UPQC to compensate these PQ problems depends 

upon the accuracy of control strategy. Recently, significant attention has been paid to the 

control circuit designs of the UPQC, with objective to obtain reliable control algorithms and 

fast response techniques so that the UPQC can simultaneously tackle most of the PQ 

problems in the power distribution system.  
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      In most of the UPQC systems, a fixed conventional controller like proportional plus 

integral (PI) controller [118] is employed in inner and outer control loop for PQ 

compensation. When the power system parameter is not estimated precisely, the design of PI 

gains fails to resist the power system perturbation and hence shows low stability and 

robustness [119,120]. Further, these controllers provide low robust competence when the 

UPQC encounters to multiple challenges of the operating environment of a power system 

network such as load transient, supply side transient and so on. 

      To overcome the aforementioned problems of PI-controlled UPQC, this chapter utilizes 

MRRAC [121]. Moreover, the adaptive control law is designed to track a linear reference 

model to reduce the tracking error between model reference output signal and UPQC output 

signal to be controlled. Additionally, this proposed MRRAC algorithm adaptively regulates 

the DC-link capacitor voltage without utilizing additional controller. As a result, the 

proposed algorithm provides more robustness, flexibility and adaptability in all operating 

conditions of the power system over a conventional PI controller. The proposed control 

strategy of UPQC is implemented through MATLAB/SIMULINK followed by the 

experimental validation by using prototype experimental set-up with LABVIEW cRIO-9014 

and adequate results are reported after a comparative assessment with the conventional PI-

controller. 

6.2 Description of an experimental prototype Set-up for UPQC 

                   
                    Fig. 6.1 Block Diagram of the Experimental Set-up 
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      The basic topology of a single phase experimental set-up of UPQC developed in the 

laboratory is shown in Fig. 6.1. This topology is composed of a single-phase supply, a 

UPQC and a nonlinear load. The shunt APF and series APF of the UPQC are developed 

with four insulated-gate bipolar transistor (IGBT) modules SKM75GB063D. A nonlinear 

load comprising a single phase diode bridge rectifier with RC load is considered. The 

control of UPQC is achieved by MRRAC controller based algorithm implemented in 

LABVIEW NI cRIO-9014. The interface between LABVIEW and NI cRIO-9014 facilitates 

running the control algorithm. The NI cRIO-9014 combined with input and output (I/O) 

panels (NI 9201 and NI 9263) provides an interface between the NI cRIO-9014 and the host 

computer. All computational tasks are processed by the cRIO-9014 controller module which 

is connected to the host PC where all possible controls are handled. The switching signals 

generated from the output port of NI 9263 connector panel are fed to blanking circuit and 

opto-isolation driver circuit, which finally provide gate pulses for the single-phase insulated 

IGBT bridge, where the PWM frequency is set to 10 kHZ. The dead time for each leg of 

IGBT is set to 4 µs. The source current si  and load current li are sensed using Hall effect 

current sensors and then fed to the input module of NI 9201 panel after passing through 

signal conditioning circuit. Similarly, source voltage is sensed through voltage sensors and 

fed to the input module. A photograph of the experimental setup is shown in Fig. 6.2. This 

experimental setup is composed of the following items. 

 Control Platform: 

o FPGA control unit-NI cRIO-9014  

o Input and Output module NI 9201 and NI 9263 

 Single-phase IGBT based inverter with following specifications: 

o IGBT module: SKM75GB063D (4 nos) 

o Opto-coupler drivers circuit: TLP-250 (8 nos) 

o DC-link: 4700 µF/400 V (2 nos) 

o Input DC voltage: 220 V 
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o Output AC voltage: 100 V  

o Output Current: 5A max 

o Output Frequency: 50 Hz 

o Switching Frequency: 10 kHz max 

 

Fig. 6.2 Experimental set-up for UPQC system 

 Single-phase Auto-transformer: 

o Max. Current capacity: 28 A per phase 

o Voltage Range: 0-100 V 

o Over-voltage Range: 0-170 V 

 The measuring system includes: 

o Voltage Transducer-LEM LV 25-P [122 ]  

           Current Transducer-LEM LA 55-P [123] 

 Nonlinear Load: 

o Single-phase Diode Bridge Rectifier with a series RC load (R=0-100Ω, C=0-20 F ) 
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 DC Power supply: 

o  15 V DC supply 

o 5-0-5 V DC supply 

The detail overviews of above components are presented in the next section. 

6.2.1 Non-Linear Load 

      An assembly of nonlinear load is provided in Fig. 6.3, which is consisting of a single 

phase diode bridge rectifier, a resistive load and capacitive load. The resistive and capacitive 

loads are connected in parallel with the rectifier bridge. The load current can be changed 

with a variation of resistance (0-100 Ω) of resistive load since there are ten different tapings 

available in this load. 

                                

                                                    Fig.6.3 Nonlinear load 

6.2.2 Voltage Source Inverter with DC-link capacitor  

      The single-phase UPQC is made up by using two VSI connected back to back through 

common DC-link capacitor. Each VSI consists of four units of IGBTs as shown in Fig. 6.4. 

Every unit of IGBT device has a rating of 1200 V and 35 A at 120 ˚C case temperature. The 

IGBT associates with some characteristics of bipolar junction transistor (BJT) and power 

metal oxide-semiconductor field-effect transistor (MOSFET). The new cluster of IGBT can 

be switched without the utilization of snubber components. The prospect of snubberless 

operation results in simpler design. Thus, it delivers a lower cost substitute to a MOSFET. 

Moreover, the continuity of current during blanking time period is maintained by the built-in 
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anti-parallel diodes. Furthermore, the DC-link capacitors connected to the IGBTs are 

consisting of two series capacitors of rating 450 V, 2200 F . Thus, the DC-link capacitor 

has achieved the desired goal by restricting the DC voltage ripples with in the reasonable 

limit. The DC voltage ripple is determined according to the amount of active power supplied 

by the DC-link capacitor during both load and supply side perturbations. 

6.2.3 Interfacing Inductors 

      Fig.6.5 shows the interfacing inductor shL connected between the ac-side of the VSI and 

PCC. It is utilized to transfer the energy between DC-link capacitor and the power line. 

Hence, it is required to balance between the switching losses and system response. The 

interfacing inductor is designed according to [124]. From the design requirement, minimum 

inductance ( minL ) value is calculated as follows. 

( )

min
4

S peak dcV V
L

hf


                                                                                                       (6.1) 

 The source current can be controlled by minL in such a way that the rising slope of the 

source current is smaller than the slope of the triangle of the PWM. The UPQC system 

considers the supply voltage swelling up to 140 V. Thus, the values of ( ) , ,s peak dcV V h  (peak 

value of triangular wave) and swf (switching frequency) are considered as 100 V, 220 V, 12 

V, 10 kHz respectively. Therefore, minL is calculated as 1.6 mH. However, an inductor value 

of 2 mH is adopted for safety reason. 

                          
                                                Fig. 6.4 IGBT based VSI  
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                                         Fig. 6.5 Interfacing inductor 

6.2.4  LC filter for series APF 

      LC filter is designed to eliminate the high frequency ripples of the inverter output 

voltage. Since the LC-filter is a low-pass filter, the resonant frequency of the LC-filter is 

designed to be as low as possible in order to achieve good filter result. The lowest possible 

resonant frequency is limited by the filtering band of the series APF, which is about 2 kHz.  

      The value of inductor and capacitor are determined by considering switching frequency

swf . The value of capacitance ( seC ) and inductance ( seL ) are chosen in such a way that they 

offer a low impedance and high impedance path to the switching ripple. The reactance given 

by the capacitor seC and inductor seL  calculated at half of the switching frequency are 

defined as, 

1 1

(2. . . ) 2.(3.14). .5000
Rc

sw se se

X
f C C

                                                                            (6.2) 

 2. . . 2. 3.14 . .5000Rl sw se seX f L L                                                                               (6.3) 

Considering the values of RcX and RlX as 3 Ω and 100 Ω respectively, the values of seC  and 

seL  are calculated as 10.61 F and 3.18 mH respectively. For the worst case condition, this 

dissertation adopts the values of seC and seL  equal to 10 F and 3.5 mH respectively. 

6.2.5 Series coupling transformer 

      The injection transformers, which are used to inject the compensation voltage produced 

by the series APF, consist of single-phase transformers. The current rating of the coupling 

transformers is designed somewhat higher than those required by the applications to 

minimize the copper losses. In addition to this, the transformer core is designed to have 
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smaller iron losses compared to the ordinary power transformers. Based on the injection 

requirement, this dissertation considers the transformation ratio of the injection transformer 

as 4:1.  

6.2.6 Design of sag/swell generation circuit 

      The sag/swell generation circuit described in this dissertation is simple and easy to 

implement in laboratory. Fig. 6.6 (a) shows single-phase 40 % sag generation circuit, which 

occurred during 3 cycle intervals of ac mains. The figure consists of 3 switches ( 1 2 3, ,S S S ) 

and two resistor 1R and 2R . Voltage sag can be generated using the voltage drop across these 

resistors. During normal operation, switch 1S is closed and switches 2S and 3S are opened. 

However, switch 1S is opened and switches 2S  and 3S are closed during the voltage sag by 

adjusting the time relay for 60 ms. The magnitude of voltage sag generated during this time 

is dependent on voltage drops across the resistance 1R  and 2R .  Switch 1S is closed again 

and switches 2S  and 3S are opened when the voltage sag ends. Similarly, Fig. 6.6 (b) shows 

a circuit diagram of single-phase 40 % voltage swell during 3 cycle intervals. Switch 1S
 
is 

closed and switch 2S
 
is opened during normal operation. However, switch 1S is opened and 

switch 2S is closed during voltage swell by adjusting the time relay for 60 ms. During this 

time, autotransformer 2T is connected to the line through switch 2S  for adding extra 40 % of 

voltage with line voltage to generate voltage swell. Fig. 6.7 shows the experimental set-up 

for sag/swell generation circuit. The set-up consists of three relay switches ( 1 2,S S  and 3S ), 

timer circuit, Resistor banks 1R and 2R  and auto-transformer as well as injection transformer 

required for voltage swell. 

 
                                   (a)                                (b) 

Fig.6.6 Schematic Diagram of (a) Sag generation circuit, (b) Swell generation circuit. 
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                                 Fig. 6.7 Sag/Swell generation circuit 

6.2.7 Voltage & Current Sensors: 

      Hall effect current and voltage transducer circuits measure high currents and voltages 

and transform them to a low voltage signal. These transducers offer many advantages. Some 

of these are: 

 Very good linearity 

 Low temperature drift 

 Excellent accuracy 

With knowledge of the magnitude of the currents and voltages to be measured, tranducer 

circuits are selected. Thus, the LEM LV 25-P and the LEM LA 55-P are used as voltage and 

current transducers respectively and the schematic diagrams of which are represented in Fig. 

6.8 (a) and Fig. 6.8 (b) respectively. Both transducers require a  15 V supply voltage as 

well as external resistors to determine the ratio between the input signal and the output 

signal. This ratio is determined by the magnitude of the maximum current or voltage that 

must be measured on the primary side of the transducer circuits as well as by the magnitude 

of the desired output voltages on the secondary side. The transducer circuits provide 

isolation between the power network and the signal level circuits. The output signals must 

be restricted to  10 V, which is the maximum allowable voltage of the input module.  
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(i.) Design of the Voltage Sensor Circuit 

     In the experimental set up, the supply voltage is scaled down from  100V to  10V 

range. Referring the data sheet of the transducer [122], the input resistance inR
 
is chosen so 

as to fall the output resistance opR
 
in the range of 100-350Ω. The input current ini

 
can be 

obtained from 100inV V  and 15inR k  . 

3

100
6.67

15 10

in
in

in

V
i mA

R
  


                                                                                            (6.4) 

With conversion ratio of 2500:1000 for transducer, the output current is calculated as 

2500
6.67 2.5 16.67

1000
op ini i mA                                                                                   (6.5) 

The output resistance is chosen to be 300 Ω so that transducer output voltage lies in the 

range of  10V and hence the transducer output voltage becomes, 

Output voltage= 
3300 16.67 10 5op opR i V      

(ii.) Design of the Current Sensor Circuit 

    A current of  10A in the power network is converted to  10 V. The number of primary 

turns ( pN ) is chosen such that the output resistance falls in the range of 50-160 Ω as 

specified in the datasheet of transducer [123]. With conversion ratio of 1:1000, 5pN   and 

10ii A , the output current can be computed as 

1 5 10
0.05

1000 1000
op p ini N i A


                                                                                       (6.6) 

The output resistance is chosen to be 100 Ω so that transducer output voltage lies in the 

range of  10V and hence the transducer output voltage becomes, 

Output voltage = 100 0.05 5oi opR i V                                                                          (6.7) 
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                             (a)                            (b) 

          Fig. 6.8 Schematic Diagram of (a) Voltage Sensor, (b) Current Sensor 

6.2.8 Signal Conditioning Circuit 

    The low level voltage signals ( 5 V ) obtained from the voltage and current sensors are 

passed through the signal conditioning circuit (Fig. 6.9) to make them compatible with the 

NI-9201input panel ( 10 V ). OPAMP TL064 has been used in this signal conditioning 

circuit and a DC supply of 15 V is applied. 

                

                           Fig. 6.9 Schematic Diagram of Signal conditioning Circuit 

6.2.9 Blanking Circuit 

      The switching pulses generated from the output port of NI-9263 panel are not directly 

fed to the IGBT switches of inverter. They are passed through the blanking circuit to avoid 

short circuit of the dc-link capacitor during the turning ON and OFF of both switches in the 

same leg of inverter. Hence, a dead band time is provided between turning ON and turning 

OFF of the switches in the same leg. Fig. 6.10(a) shows the blanking circuit. Its inputs are 

the switching pulses aS and aS
 
generated from the output module of NI 9263. The detailed 

circuit diagram for two channels of the blanking circuit using mono-stable multi-vibrator 

(SN74LS123) is shown in Fig. 6.10(b). This unit generates two shot pulses asS
 
and asS with 
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a duration of dt . The gate signal aG
 
is generated by ANDing aS and asS using IC 7408 and 

passing this signal through a buffer (CD4050) and a transistor (CL100). Similarly, the 

complementary gate signal aG  can be achieved. The timing diagram of the blanking circuit 

including signals ,a aS S , asS , asS , aG
 
and aG

 
is depicted in Fig. 5.20(c). 

The expression for obtaining dead beat time „ dt ‟ of mono-stable multi-vibrator [125] is 

given as follows. 

1 1 1 16 0.05 0.45 11.6d E E E Et C R C R                                                                                (6.8)  

where, 1ER
 
and 1EC

 
are the external resistance and capacitance in kΩ and pF respectively. 

In this experiment, a dead beat time of 4µs is chosen by considering the values of 1ER
 
and 

1EC  as 18 kΩ and 470 pF respectively in the above Eq. (6.8).   

  
                                      (a)                                        (b) 

Fig. 6.10 Schematic Diagram of (a) Banking Circuit, (b) Mono-stable Multi-vibrator circuit 

connection diagram. 

6.2.10 Opto-Isolation Circuit 

      The gate signals obtainable from the blanking circuit can‟t be directly applied to the 

gates of the IGBT switches which consist of the high power network. Hence, high speed 

opto-couplers (TLP-250) with isolated dc power supplies are used for providing isolation 

between the logic control units and the power network. The schematic diagram of opto-

coupler circuit is presented in Fig. 6.11.   
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Fig. 6.11 Schematic Diagram of Opto-coupler circuit 

6.2.11 Power supply 

     To build the experimental set-up, different voltage levels of DC power supplies are 

required, the details of which are given in Table 6.1. Fig. 6.12 (a) shows the circuit diagram 

of ±15 V DC supply. To produce a ±15 V DC voltage supply, a 230/18-0-18 V Centre-

tapped step-down transformer of 1A rating is used. A full-bridge rectifier is used, which 

consists of 4 diodes (IN4007). Electrolytic capacitors 1C  and 2C , with 25 V and 2200 µF are 

used as filter capacitors at the output of rectifier. The centre-tap of the transformer and the 

second leg of the capacitors are connected to the ground. The unregulated dc voltages +15 V 

and -15V are given as input to the positive voltage regulator IC7815 and negative voltage 

regulator IC7915 respectively to generate DC output voltages of  15 V. Similarly, Fig.6.12 

(b) shows the circuit diagram of 5  V DC power supply. A 230/9-0-9 V centre-tapped step-

down of 1A and the positive and negative voltage regulator of IC7805 and IC7905 are used 

to generate a 5  V DC supply. 

Table 6. 1  DC supply required for various Circuits 

SL No. Circuits Dc Voltage 

1. Hall Effect Current Sensor Circuit ±15 V 

2. Hall Effect VoltageSensor Circuit ±15 V 

3. Signal Conditioning Circuit for Current Sensor ±15 V 

4. Signal Conditioning Circuit for VoltageSensor ±15 V 

5. Blanking Circuit ±5 V 

6. Opto-driver Circuit ±15 V and  ±5 V 
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                                    (a)                                     (b) 

Fig. 6.12 Schematic Diagram of DC power supply (a) 15V  power supply, (b) 5V power 

supply. 

6.3 Field-Programmable Gate Array (FPGA) 

      Field Programmable Gate Array (FPGA) is a reconfigurable circuit, which is commonly 

specified using a Hardware Description Language (HDL). The benefits of FPGA over 

Application Specific Integrated Circuit (ASIC) are enumerated below. 

 ASICs are designed for a specific purpose utilizing CAD tools. Building up an ASIC 

is time consuming and expensive.  

 It is not possible to rectify the errors of ASIC after fabrications.  

 FPGA can be re-configured according to design requirement. 

 The design and prototype measure of FPGA is small as compared to ASIC.  

FPGA comprises programmable logic components named as logic blocks and a hierarchy of 

reconfigurable interrelates that permit the blocks to be weird together. Logic blocks are 

designed to execute complex combinational and sequential functions. 

6.4 CompactRIO-9014 

      National Instruments (NI) compactRIO is a small rugged industrial data acquisition and 

control system powered by Reconfigurable Input-Output (RIO). NI compactRIO includes a 

real-time processor and reconfigurable FPGA for reliable stand-alone embedded or 

distributed applications. CompactRIO systems are recognized employing LABVIEW, the 

LABVIEW Real-Time (RT) Module and the LABVIEW FPGA Module [126,127,128]. 

CompactRIO includes following modules: 
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 4 or 8-slots reconfigurable chassis 

 Power supply  

 Real time embedded processor 

 Swappable industrial I/O modules 

A block diagram of programmable controller is presented in Fig.6.13. 

6.4.1 Reconfigurable Chassis 

      The reconfigurable chassis, as displayed in Fig. 6.14, is the foundation of NI 

compactRIO embedded systems. The reconfigurable chassis attributes the same rugged 

metal construction that characterizes the entire compactRIO platform. 

6.4.2 Power Supply 

      CompactRIO-9014 comprises a power supply module which delivers a DC output of 24 

V and 5 A to the real time embedded processor and input output modules. 

                                      
Fig.6.13 1 Block diagram of programmable controller 

 

Fig. 6.14 The reconfigurable chassis 
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6.4.3 Real Time Embedded Processor 

      CompactRIO combines a low-power consumption real-time embedded processor with a 

high-performance RIO FPGA chip [129]. A local peripheral control interface (PCI) bus 

connection offers a high-performance interface between the RIO FPGA and the real-time 

processor. The cRIO core has built-in data transfer mechanisms to allow data to pass 

through the embedded processor for real-time analysis, post-processing, data logging, or 

communication to a networked host computer. For direct accessing of each module, the RIO 

FPGA chip is connected to the I/O modules in a star topology. Fig.6.15 (a) represents a 

cRIO real-time processor. 

6.4.4 Input/output Modules 

      Each compactRIO I/O module includes built-in signal conditioning and screw terminal, 

BNC or D-Sub connectors. By assimilating the connector junction box into the modules, the 

compactRIO system significantly diminishes the space requirements and cost of field 

wiring. A variety of I/O types are available including ±10 V simultaneously sampling analog 

inputs/outputs, 24 V industrial digital I/O with up to 1 A current drive. Such an I/O module 

is depicted in Fig. 6.15 (b). 

           

           (a)                          (b) 

Fig. 6.15 Real time processor with I/O module (a) FPGA controller, (b) An I/O module 

6.5  Model Reference Robust Adaptive controller 

      In this section of dissertation, the feasibility of MRRAC system is considered, which is 

used in the UPQC system However, all these control strategies discussed are mainly utilized 

in three phase three wire industrial and commercial. 
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It is concluded that all proposed control techniques efficiently eliminate the PQ problems 

such as current harmonics, voltage distortion, voltage sag/swell and unbalanced supply 

voltage presented in the power system distribution network. However, all these control 

strategies discussed are mainly utilized in three phase three wire industrial and commercial 

nonlinear loads such as three phase variable speed drives, uninterruptable power supply 

(UPS), three phase rectifiers, arc furnaces, magnetic cores and resistance arc welders. 

However, a significant portion of nonlinear loads used in the domestic and service industries 

are single phase loads. These nonlinear loads such as personal computers, printers, copiers, 

and fax machines are finding their way into nearly every desk. In these loads, an AC system 

is usually connected to a low cost single-phase rectifier with a capacitor filter on DC side. 

The current drawn by this type of load is discontinuous because the capacitor only draws 

current for short period of time. Therefore source current is distorted normally over 70% 

[117] that results in failure or missed operation in all of these equipments.   

      To overcome the aforesaid single phase PQ issues, this chapter discusses about the 

single phase UPQC system by developing a prototype experimental set-up for testing 

robustness of the proposed model reference robust adaptive control (MRRAC). The 

objective of this experimental set-up is to demonstrate the working of a single phase UPQC 

system by compensating numerous PQ problems such as current harmonics, and voltage 

sag/swell.  The performance capability of UPQC to compensate these PQ problems depends 

upon the accuracy of control strategy. Recently, significant attention has been paid to the 

control circuit designs of the UPQC, with objective to obtain reliable control algorithms and 

fast response techniques so that the UPQC can simultaneously tackle most of the PQ 

problems in the power distribution system.  

It is concluded that all proposed control techniques efficiently eliminate the PQ problems 

such as current harmonics, voltage distortion, voltage sag/swell and unbalanced supply 

voltage presented in the power system distribution network. However, all these control 

strategies discussed are mainly utilized in three phase three wire industrial and commercial 

nonlinear loads such as three phase variable speed drives, uninterruptable power supply 

(UPS), three phase rectifiers, arc furnaces, magnetic cores and resistance arc welders. 

However, a significant portion of nonlinear loads used in the domestic and service industries 

are single phase loads. These nonlinear loads such as personal computers, printers, copiers, 
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and fax machines are finding their way into nearly every desk. In these loads, an AC system 

is usually connected to a low cost single-phase rectifier with a capacitor filter on DC side. 

The current drawn by this type of load is discontinuous because the capacitor only draws 

current for short period of time. Therefore source current is distorted normally over 70% 

[117] that results in failure or missed operation in all of these equipments.   

      To overcome the aforesaid single phase PQ issues, this chapter discusses about the 

single phase UPQC system by developing a prototype experimental set-up for testing 

robustness of the proposed model reference robust adaptive control (MRRAC). The 

objective of this experimental set-up is to demonstrate the working of a single phase UPQC 

system by compensating numerous PQ problems such as current harmonics, and voltage 

sag/swell.  The performance capability of UPQC to compensate these PQ problems depends 

upon the accuracy of control strategy. Recently, significant attention has been paid to the 

control circuit designs of the UPQC, with objective to obtain reliable control algorithms and 

fast response techniques so that the UPQC can simultaneously tackle most of the PQ 

problems in the power distribution system. 

  It is concluded that all proposed control techniques efficiently eliminate the PQ problems 

such as current harmonics, voltage distortion, voltage sag/swell and unbalanced supply 

voltage presented in the power system distribution network. However, all these control 

strategies discussed are mainly utilized in three phase three wire industrial and commercial 

nonlinear loads such as three phase variable speed drives, uninterruptable power supply 

(UPS), three phase rectifiers, arc furnaces, magnetic cores and resistance arc welders. 

However, a significant portion of nonlinear loads used in the domestic and service industries 

are single phase loads. These nonlinear loads such as personal computers, printers, copiers, 

and fax machines are finding their way into nearly every desk. In these loads, an AC system 

is usually connected to a low cost single-phase rectifier with a capacitor filter on DC side. 

The current drawn by this type of load is discontinuous because the capacitor only draws 

current for short period of time. Therefore source current is distorted normally over 70% 

[117] that results in failure or missed operation in all of these equipments.   

      To overcome the aforesaid single phase PQ issues, this chapter discusses about the 

single phase UPQC system by developing a prototype experimental set-up for testing 

robustness of the proposed model reference robust adaptive control (MRRAC). The 
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objective of this experimental set-up is to demonstrate the working of a single phase UPQC 

system by compensating numerous PQ problems such as current harmonics, and voltage 

sag/swell.  The performance capability of UPQC to compensate these PQ problems depends 

upon the accuracy of control strategy. Recently, significant attention has been paid to the 

control circuit designs of the UPQC, with objective to obtain reliable control algorithms and 

fast response techniques so that the UPQC can simultaneously tackle most of the PQ 

problems in the power distribution system.  

It is concluded that all proposed control techniques efficiently eliminate the PQ problems such as 

current harmonics, voltage distortion, voltage sag/swell and unbalanced supply voltage presented in 

the power system distribution network. However, all these control strategies discussed are mainly 

utilized in three phase three wire industrial and commercial nonlinear loads such as three phase 

variable speed drives, uninterruptable power supply (UPS), three phase rectifiers, arc furnaces, 

magnetic cores and resistance arc welders. However, a significant portion of nonlinear loads used in 

the domestic and service industries are single phase loads. These nonlinear loads such as personal 

computers, printers, copiers,      

            6.5.1 Simulation result 

      The proposed MRRAC method of UPQC is simulated using MATLAB/SIMULINK. 

The model consists of a simple 50 Hz power distribution system with single phase diode 

bridge rectifier feeding LR , LC  load, which is considered as a nonlinear load. The 

performance of UPQC with MRRAC strategy is tested under different power quality issues 

like harmonics in supply current, voltage sag and voltage swell. The proposed control 

algorithm successfully mitigates all power quality problems and provides distorted less 

power to the load. In this simulation study, 50 % variation of three phase voltage for 

sag/swell is considered. The parameters used in the simulation are given in Appendix-4, 

where shR and shL are the interfacing inductor parameters for shunt APF, dcC is the DC-link 

capacitor, _dc refV is the reference DC-link voltage, seL , seC  are the inductance and 

capacitance of filter circuit respectively  and rmsV is the RMS value of the supply voltage. 

       The current harmonics suppression capability of shunt APF is analyzed using proposed 

MRRAC method. The nonlinear load contains harmonics with total harmonics distortion 

(THD) of 23.6% shown in Fig. 6.19 (e). Fig. 6.19 (a), (b),(c) and (d) show the waveforms of 
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source current before compensation, compensation current ( ci ), source current after 

compensation( si ) and DC-link voltage ( dcV ) respectively for the proposed method. From 

the results, it is clear that the shunt APF of UPQC provides an effective compensation of 

harmonics with THD of 2.13% in source current, which is shown in the source current 

spectrum of Fig.6.19 (f).  

 
                                    (a)                                    (b) 

 
                                    (c)                                   (d) 

 
                                    (e)                                   (f) 

Fig.6.16 Simulation result of shunt APF for proposed MRRAC method, (a) Source current 

before compensation, (b) Compensating current, (c) Source current after compensation, (d) 

DC- link Capacitor voltage, (e) Source current spectrum before compensation, (f) source 

current spectrum after compensation. 

      The compensation capability of the conventional PI-control method is presented in 

Fig.6.20. Although the shunt APF of UPQC can compensate the harmonics in source 

currents, some amount of distortions are detected in source current, which is clearly 

observed from the Fig.6.20 (a).The primary cause behind this distortion is the performance 

inefficiency of conventional PI-control method in tracking the reference current. Fig.6.20 (b) 

and (c) deliver the information about compensating current and source current spectrum 

after compensation. Table 6.2 shows the THD comparison of both the control methods.  
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Table 6.2 THD comparison of Proposed MRRAC method and conventional PI-control  

                 method 

Control method THD before compensation THD after Compensation 

Source current Source current 

Proposed method 23.6 % 2.13 % 

Conventional PI-

control method 

23.6 % 3.91 % 

 

                                    (a)                                      (b) 

                            

                                                                      (c) 

Fig.6.17 Simulation result of shunt APF for conventional PI-control method, (a) Source 

current after compensation, (b) Compensating current, (c) Source current spectrum after 

compensation. 

      Further, in case of sag/swell condition, 50 % of sag and 30 % of swell are considered, 

occurring in the interval of 0.12 0.18s t s  for 3 cycles of ac-mains. Fig. 6.21 shows the 

compensation effectiveness of proposed technique during sag condition.  Fig. 6.21 (a), (b), 

(c) and (d) signify the supply voltage ( )SV during the voltage sag condition, compensating 

voltage ( )CV , load voltage ( )LV after compensation and DC-link voltage ( )dcV respectively. 

 
                                  (a)                                   (b) 
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                                  (c)                                  (d) 

                              
                                                                   (e) 

Fig.6.18 Simulation results during sag condition, (a) Supply voltage, (b) Compensation 

voltage, (c) Load voltage after compensation, (d) DC-link voltage, (e) Load voltage after 

compensation with PI-control method. 

Also, Fig. 6.21 (e) shows the load voltage after compensation using PI-control method. 

Fig.6.22 (a) and (b) demonstrate the THD spectrum of load voltage after compensation using 

both the control methods and it is found that THDs of the load voltage using proposed 

MRRAC method and PI-control method are 2.06 % and 2.92 % respectively. Table 6.3 gives 

the THD analysis of both proposed MRRAC method and PI-control method during sag 

condition. From the tabulation it is clear that the proposed MRRAC method can 

satisfactorily compensate the sag in the load voltage with less THD in comparison to 

conventional PI-control method.  

  
                                        (a)                                        (b) 

Fig.6.19 Load voltage spectrum after compensation during sag condition, (a) Using 

proposed MRRAC method, (b) Using conventional PI-control method. 

      Correspondingly, Fig.6.23 presents simulation result during swell condition. Fig. 6.23 

(a), (b), (c), (d) and (e) represent the supply voltage ( )saV  during swell condition, 

compensating voltage ( )CV , load voltage ( )LV  after compensation using proposed MRRAC 

method, DC-link voltage ( )dcV  and load voltage ( )LV  after compensation using conventional 
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PI-control method respectively. Fig.6.24 (a) and (b) display the THD spectrum of load 

voltage after compensation. It is observed that THD of the load voltage using proposed 

MRRAC method is 2.02 %, whereas, the THD of Load voltage using PI-control method is 

2.87 %. Table 6.4 gives the THD analysis of both proposed MRRAC method and PI-control 

method during supply voltage swell condition. From the tabulation it is clear that the 

proposed MRRAC method can satisfactorily compensate the swell in the load voltage with 

less THD in comparison to conventional PI-control method. 

 
                                      (a)                                    (b) 

 
                                     (c)                                  (d) 

                        

                                                                         (e) 

Fig.6.20 Simulation results during swell condition, (a) Supply voltage, (b) Compensation 

voltage, (c) Load voltage after compensation, (d) DC-link voltage, (e) Load voltage after 

compensation with PI-control method. 
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                                     (a)                                       (b) 

Fig.6.24 Load voltage spectrum after compensation during swell condition, (a) Using 

proposed MRRAC method, (b) Using conventional PI-control method. 

                  Table 6.3 Comparison of load voltage THD during sag/swell condition 

Type of condition Compensation with UPQC 

Using proposed 

MRRAC method 

Using PI-control 

method 

Load voltage THD after 

compensation during supply voltage 

sag condition 

2.06 % 2.92 % 

Load voltage THD after 

compensation during supply voltage 

swell condition 

2.02 % 2.87 % 

6.5.2 Experimental result 

      The proposed MRRAC algorithm has been implemented in LABVIEW based FPGA 

CompactRIO-9014 system, which can control  the experimental set up developed in the Lab 

to mitigate the PQ issues like current harmonics, voltage sag and voltage swell. The efficacy 

of the proposed MRRAC scheme is compared with conventional PI-control scheme based 

on the obtained experimental results. The design specifications and circuit parameters in 

laboratory prototype are mentioned in Appendix-4. 

      Fig.6.25  shows the experimental results for current harmonics compensation capability 

of  shunt APF by using proposed MRRAC method. Fig. 6.25 (a) shows the experimental 

result of source current before compensation and compensating current in trace-1 and 2 

respectively. Fig. 6.25 (b) and (c) show the source current after compensation and dc-link 

voltage respectively. Similarly, Fig. 6.25 (d) shows the experimental waveform of source 

current after compensation and compensating current using PI-control method in trace-1 and 

2 respectively. From the result it is observed that the proposed MRRAC method can provide 

better harmonics compensation and make the soure current more sinusoidal in comparison to 

the PI-control method. 
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                                    (a)                                   (b) 

 
                                    (c)                                   (d) 

Fig.6.21  Experimental results of  shunt APF using proposed MRRAC and PI-control 

method, (a) Source current before compensation and compensating current, (b) Source 

current after compensation, (c) DC-link voltage, (d) Source current after compensation  and 

compensating current using PI-control method. 

      Fig. 6.26 illustrates the performance of UPQC during voltage sag condition.  Fig.6.26 (a) 

shows the experimental result of supply voltage sag with a depth of 50 % and its 

corresponding compensating voltage in trace-1 and 2 respectively. Fig.6.26 (b) and (c)  

show the experimental waveforms of  load voltage after compensation using proposed 

MRRAC method and dc-link voltage using sag condition respectively. Fig. 6.26 (d) shows 

the experimental waveform of load voltage after compensation using PI-control method. 

From the experimental results it is observed that the proposed MRRAC method compensates 

the voltage sag efficiently  by utilizing the series APF, which injects the proper amount of 

voltage in the power network to make the load voltage stable in comparison to the PI-control 

method.  
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                                     (a)                                    (b) 

 

                                     (c)                                    (d) 

Fig 6.22 Experimental results during sag condition, (a) Supply voltage during sag condition 

and compensation voltage, (b) Load voltage after compensation using proposed MRRAC  

method, (c) DC-link voltage during sag condition, (d) Load voltage after compensation 

using PI-control method. 

      Fig. 6.27 demonstrates the performance of UPQC during voltage swell condition.  

Fig.6.27 (a) shows the experimental waveform of supply voltage swell of 30 % and its 

compensating voltage in trace-1 and 2 respectively. Fig.6.27 (b) and (c)  show the 

experimental result of  load voltage after compensation using proposed MRRAC method 

and dc-link voltage during swell condition respectively. Fig. 6.27 (d) shows the 

experimental result of load voltage after compensation using PI-control method. From the 

experimental results it is observed that the proposed MRRAC method compensates the 

voltage swell properly  by utilizing the series APF, which injects the proper amount of 

voltage in the power network to make the load voltage stable in comparison to the PI-control 

method.  



Chapter-6                                                                MRRAC based prototype set-up for UPQC 

187 
 

 
                                   (a)                                   (b) 

 
                                     (c)                                   (d) 

Fig 6.23 Experimental results during swell condition, (a) Supply voltage during swell 

condition and compensation voltage, (b) Load voltage after compensation using proposed 

MRRAC method, (c) DC-link voltage during swell condition, (d) Load voltage after 

compensation using PI-control method. 

6.6   Chapter Summary 

      In this chapter, a MRRAC method has been developed for a single phase UPQC system. 

The proposed MRRAC algorithm can perform two control aspects, generates the reference 

signal for both APF and provides accurate tracking performance between plants output and 

reference signal. The model approach reference generation scheme is simple, reliable and 

self-regulator of dc-link voltage, which does not necessitate PI controller loop. A robust 

adaptive control approach is adopted in the inner control loop for achieving high stability 

and high disturbance rejection in UPQC. A proper selection of adaptive gain functions has 

been performed to specify the robustness, control effort performance and error tracking 
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performance of UPQC. Finally, the designed control scheme is tested on an experimental 

prototype UPQC model. 

      The power line uncertainties such as fluctuation of load, variation of system parameter, 

sudden failure of power system components and sensor nonlinearities degrade the reliability 

and efficiency of the UPQC system. Moreover, grid perturbations such as harmonics, 

measurement noise and supply voltage variation are responsible for power quality 

deterioration. Hence, the objective of designing a robust control strategy in UPQC system is 

achieved by accommodating all the possible perturbations occurring in the power system. 

From the experimental results, it is also observed that the proposed control approach to 

design a UPQC system is found to be robust in comparison to the PI-controller by yielding 

improvement in power quality more effectively in terms of tracking error reduction, efficient 

current harmonics mitigation as well as sag/swell compensation.  
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Chapter 7 

Conclusion and Suggestions for future work 

This chapter presents the overall conclusion and also suggests some future scope of research 

work as an extension of the work pursued in this thesis. 

7.1 Overall Conclusion 

This thesis has presented new reference voltage and reference current generation schemes 

along with new current and voltage control approaches for performance enhancement of 

Unified Power Quality Conditioner (UPQC). An extensive review on different control 

aspects of UPQC has been described in chapter 1 along with the discussion of their merits 

and demerits. Further, necessity of designing new control strategies in UPQC to achieve 

higher performance is explored. 

      The innovation of the thesis work lies in the introduction of nonlinear variable gain 

fuzzy-controller (NVGFC), non-linear sliding mode control (NLSMC), modified phase-

locked loop (MPLL) based SRF, optimum active power (OAP) technique, fuzzy sliding 

mode (FSM) PWM control, resistive optimization technique (ROT), nonlinear variable gain 

fuzzy (NVGF) hysteresis PWM control, command generator tracker (CGT) based direct 

adaptive control (DAC) and model reference robust adaptive control algorithm (MRRAC) 

for minimization of both voltage and current concerned PQ problems in power system. A 

summary of developed control strategies of UPQC is presented below. 

      Two control strategies such as HCC and SMC have been proposed for the three-phase 

three-wire SAPF system in chapter-2 to enhance the PQ problem under balanced, 

unbalanced and distorted supply voltage conditions. Both the control strategies employ CO-

PLL technique for positive sequence signal extraction utilized in reference current 

generation and PI controller for DC-link voltage regulation. It is observed from both 

simulation and experimental results obtained from Opal-RT that both control strategies of 

SAPF are able to compensate the source current to be almost sinusoidal under highly 

distorted load conditions. However, THD calculation confirms that SMC provides better 
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compensation capability as compared to HCC under balanced, unbalanced and distorted 

supply voltage condition. 

      To compensate both current and voltage related PQ problems, UPQC has been 

developed in chapter-3. Two novel control strategies such as nonlinear variable gain fuzzy-

controller (NVGFC) and non-linear sliding mode control (NLSMC) with modified SRF 

technique have been proposed for DC-link voltage regulation in UPQC. The MPLL design 

involved in these control strategies is having an additional negative feedback applied in the 

inner loop of the conventional PLL and hence it is more immune to noise, distortion and 

harmonics indicating a perfect extraction of positive sequence signal during supply voltage 

distortion and unbalance condition. Further, this design eliminates the transformation angle 

oscillation during conversion process resulting in a fast and accurate extraction of the 

reference signal during power system perturbations. Consequently, the complete control 

strategy is independent of all disturbances and oscillations present during the fault occurred 

in source as well as load sides and makes the UPQC robust against all operating conditions 

of power system network. From simulation and experimental results it is demonstrated that 

the both NLSMC and NVGFC strategies successfully eliminate the several PQ problems 

such as current harmonics, voltage sag/swell, voltage unbalance and voltage distortion 

existing in the power distribution network. However, THD calculation confirms that 

NLSMC strategy provides better compensation by making source current and load voltage 

more sinusoidal in comparison to the NVGFC method during power system perturbations. 

      This thesis has further developed a resistive optimization technique (ROT) for reference 

signal extraction for both shunt and series APF as NLSMC technique is very sensitive to 

model mismatch and noise. This proposed ROT control algorithm adaptively regulates the 

DC-link capacitor voltage and makes the control system simple as it does not involve any 

complex optimization methods. A nonlinear variable gain fuzzy (NVGF) based hysteresis 

controller is proposed for regulating the hysteresis band, which effectively reduces the band 

violation and improves the tracking behaviour of UPQC during load transient and supply 

side transient conditions of power system. Additionally, an optimum active power (OAP) 

technique combined with enhanced phase-locked loop (EPLL) based fuzzy sliding mode 

(FSM) PWM control strategy have been implemented in UPQC. This structure quickly 

extracts the reference signal from the supply voltage and self-regulates the DC-link 
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capacitor voltage considering the peak amplitude of reference source current. Hence, the 

response time for regulating DC-link voltage is significantly improved as compared to the 

ROT based control strategy. Furthermore, the proposed FSM based PWM technique 

provides higher tracking performance with lower switching losses and eliminates the 

chattering problem associated with the sliding mode controller. The simulation and 

experimental results show that the proposed OAP-FSMC method of UPQC not only 

mitigates current harmonics correctly but also compensates voltage related problems such as 

voltage distortion, voltage sag/swell and voltage unbalance efficiently as compared to the 

ROT-NVGF method. 

      When there is a variation in either nonlinear load parameter or supply voltage parameter, 

the aforesaid control strategies described in chapter-4 fail to perform satisfactorily. 

Therefore, a command generator tracker (CGT) based direct adaptive control (DAC) is 

designed for UPQC in chapter-5. Initially, the command input signals are generated with 

respect to three step-input signals, which are accompanied with three different step times for 

making 120
0 

phase shifted signal. Additionally, the command generator tracker (CGT) is 

designed by considering the reference model as an ideal oscillator. When three step-input 

signals having different step times are multiplied with the desired amplitude of source 

current as well as load voltage and are applied to the reference model, the output results in a 

desired sinusoidal reference signal. This provides a self-supporting DC-link voltage 

regulation by active power balancing system. Moreover, the proposed CGT-DAC approach 

provides more robustness, flexibility and adaptability in all operating conditions of the 

power system over OAP-FSM technique as observed from both the simulation and real-time 

experimental studies. 

      Control Strategies employed in the chapter 3, 4, and 5 consider a three-phase three-wire 

UPQC system. However, a significant portion of nonlinear loads used in the domestic and 

service industry areas are single phase loads and these nonlinear loads such as personal 

computers, printers, copiers and fax machines are finding their way into nearly every desk. 

Keeping above facts into consideration, chapter-6 discusses about the single phase UPQC 

system by developing a prototype experimental set-up based on LABVIEW NI cRIO-9014. 

A model reference robust adaptive control (MRRAC) technique is proposed in this chapter. 

Here, the adaptive control law is designed to track a linear reference model to reduce the 
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tracking error between model reference output signal and UPQC output signal to be 

controlled. Additionally, this proposed algorithm adaptively regulates the DC-link capacitor 

voltage without employing additional controller and hence provides more robustness, 

flexibility and adaptability in all operating conditions of the power system over a 

conventional PI-controller. Additionally, the proposed MRRAC technique adaptively 

changes the control gain according to the wide range of power system dynamic condition. 

As a result, it provides better tracking performance in all operating conditions of the power 

system network and delivers smoother sinusoidal source current and voltage in comparison 

to the conventional PI-controller. This adaptive performance of the UPQC is first verified 

through the simulation studies. Then experimental studies are carried out by using prototype 

hardware set-up. From both simulation and experimental results it is observed that proposed 

MRRAC technique can provide better PQ compensation such as current harmonics and 

voltage sag/swell in comparison to the conventional PI-controller.  

7.2 Contributions of the Thesis  

 A Coulon oscillator based PLL (CO-PLL) technique is proposed for extraction of 

positive sequence signal from the supply voltage and generates reference currents for 

SAPF under ideal, unbalanced and distorted supply voltage condition.  

 A novel nonlinear dc-link voltage controller with modified SRF based control 

philosophy is proposed for UPQC in chapter-3. At first, design of a nonlinear 

variable gain fuzzy-controller (NVGFC) with modified phase-locked loop (MPLL) 

based SRF control strategy is proposed for three-phase, three-wire UPQC system. 

Then, a non-linear sliding mode control (NLSMC) and a novel SRF control 

technique have been proposed for rapid extraction of reference signal with a new 

switching dynamics control strategy for UPQC to improve the PQ problem in 

distributed power system network.  

 Optimization based reference extraction methods with novel PWM current and 

voltage control techniques have been proposed for UPQC in chapter-4. Firstly, a 

resistive optimization technique (ROT) incorporated with enhanced phase-locked 

loop (EPLL) based nonlinear variable gain fuzzy (NVGF) hysteresis PWM control 

strategy for UPQC is implemented. Secondly, an optimum active power (OAP) 
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technique combined with EPLL based fuzzy sliding mode (FSM) PWM control 

strategy for three-phase three-wire UPQC system is proposed.  

 A command generator tracker (CGT) based direct adaptive control (DAC) strategy 

has been proposed in UPQC for improving the power quality in three-phase three-

wire distributed power system in chapter-5. A CGT is a model reference control law 

for a linear time-invariant system with known coefficients and it is formulated for the 

generation of the reference signal for both shunt and series compensator. Moreover, 

the adaptive control law is designed to track a linear reference model to reduce the 

tracking error between model reference output and measured signal to be controlled. 

 A model reference robust adaptive control (MRRAC) is proposed in chapter-6. This 

proposed algorithm adaptively regulates the DC-link capacitor voltage without 

utilizing additional controller circuit. As a result, it provides more robustness, 

flexibility and adaptability in all operating conditions of the power system over a 

conventional PI controller. 

7.3 Suggestions for future work  

      Although various power quality problems have been successfully tackled by the 

proposed control methods for the UPQC in this thesis, there are some possible problems that 

need to be considered and solved in the future research. They can be suggested as: 

 This research can be extended to investigate the 3-phase 4-wire UPQC system. 

 The experimental set-up developed for single phase UPQC system in Chapter-6 can 

be extended to three-phase three-wire UPQC system. 

 Intelligent and new robust adaptive control techniques have to be designed for 

UPQC to optimize control objectives during different power system perturbations. 

 A complete FPGA based controller for UPQC system can be developed that would 

add flexibility for controller design.  
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                                                        Appendix-1 

                                    Table.A.1. Simulated test system data 

System Parameters Notation Value 

Source 

 

Voltage, Frequency, Resistor, 

Inductor 
sabcV , f , sR , sL  360V (P-P),50

Hz ,  1 ,0.1 mH  

Load Diode rectifier, Resistor, Inductor 
LR , LL  6-diode, 42 ,35

mH  

DC Link   Reference voltage, Capacitor 
_dc refV , dcC  630V ,4000 F  

Shunt converter (Interface inductor ,resistor) and 

Switching frequency 
( , )shf shfL R , swf  (2.1 mH ,0.1 ) 

   10 kHz  

Series converter AC filter inductor and capacitor ( , , )sef ef sefL C R   2.1 mH ,6 F and    

2  

Transformer specification and 

inductance 
jL  4 mH  

Enhanced 

PLL 

Proportional-integral gain 

Feed-forward compensator 

parameter 

,kp ki  

,x   
0.04, 0.02 

0.01, 100 

Modified    PLL 
                                   

8.0pk  and 0.044ik   

NVGF  

controller for 

DC-link voltage 

regulation 

0.3535pK  12.50iK  , 0.028eK  , 1 0.7070a  , 2 25a  and 3 0.056a   

NVGF 

Hysteresis   

band  for shunt 

inverter 

0.707, 56.5771, 0.068, 6.722, 0.0101,

0.1360, 13.44 0.0202

n p i cK K Z

a b and c

     

  
 

NVGF           

Hysteresis   

band  for series 

inverter 

0.707, 10 , 20 5, 0.20, 2.40, 0.083,

0.40, 4.80 0.16

      

  

n p i ckHz e K K Z

a b and c

  
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                                               Appendix-2 

       The design of PI-controller for compensation the losses present in RLC filter and series 

transformer is based on plant transfer function ( )pG s and PI-compensator transfer function

( )iG s . 

2

1
( )

( ) 1
p

sf f sf f g f

G s
s L C R sC R C s


  

                                                                                                                                  

( ) i
i p

K
G s k

s
                                                                                                                                                                        

The closed-loop transfer function ( )cG s  of the above equation is  

2

3

( )
( ) ( 1)

i

p

c

sf g p i

sf sf f sf f

k
s

k
G s

R R s k k
s s

L L C L C




 

  

                                                                                                                         

Based on desired characteristics polynomial   2 22 n n ns s s    , pk and ik are 

found to be  

    (1 2 ) 1p sf f nk L C      and 
3

i sf f nk L C    

where n is the natural frequency,  is constant and  is the damping coefficient. 
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                                              Appendix-3 

       The design of PI-controller gain, meant for hysteresis band calculation of series inverter 

is based on plant transfer function ( )pG s and PI-compensator transfer function ( )iG s . 

2

1

1


 
p

f f f f

G ( s )
s L C R C s

   

  where fR is the internal resistance of filter inductance.                                                                                                                               

  i
i p

K
G ( s ) k

s
                                                                                                                                                                      

The closed-loop transfer function ( )cG s  can  be represented by the following equation. 

3 2

( )
( 1)






  

i

p

c
f p i

f f f f f

k
s

k
G s

R k k
s s s

L L C L C

                                                                                                                         

Based on desired characteristic polynomial   2 22   n n ns s s , pk and ik are found 

to be  

    
2(1 2 ) 1  p f f nk L C    and 

3i f f nk L C    

where n  is the natural frequency,   is constant and   is the damping coefficient. 
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Appendix-4 

                      System Parameters for simulation and experimental set-up 

Table A.2 List of parameters used in simulation and experimentation for single phase  

                      UPQC system 

Parameters Experimental Values 

Supply voltage/ frequency 100 V/50 Hz 

Resistor (RL) and Capacitor 

(CL) 
120 ,220 F  

LC low pass filter (Lse ,Cef) 5 mH, 6 F  

Interface inductor Lsh 3  mH 

DC-link capacitance (Cdc) 4700 F  

Reference voltage (Vdcref) 220 V 

Voltage source inverter 

SKM75GB063D IGBT module, 

TLP-250 for Gate driver circuit, 

Amplifier circuit, Separate Power supply for 

driver circuit. 

Sensors 

LEM make LV25-P for phase voltage, LA55-P 

for current transducer. 
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Appendix-5 

NI cRIO-9014 

Table A.3 Processor Datasheet 
Network 

Network Interface 10 Base T and 100 Base TX Ethernet 

Compatibility IEEE 802.3 

Communication Rates 10 Mbps, 100 Mbps, auto-negotiated 

Maximum Cabling Distance 100 m/segment 

SMB Connector 

Output Characteristics 

Logic High 3.3 V 

Logic Low 0 V 

Driver Type CMOS 

Sink/Source Current ± 50 mA 

3-state output leakage current ± 5 µA 

Input Characteristics 

Maximum Input level -500 mV 

Maximum input low level 990 mV 

Minimum input high level 2.31 V 

Maximum input level 5.5 V 

Input capacitance 2.5 pF 

Resistive strapping 1 kΩ to 3.3 V 

USB Port 

Maximum data rate 12 Mb/s 

Maximum current 500 mA 

Memory 

cRIO-9014 
2 GB 

 

DRAM 

                  cRIO-9014 128 MB 

Internal Real-Time Clock 

Recommended power supply 
48 W secondary, 18 V DC to 24 V DC 

 

Power Consumption 

Controller only 6 W 

Controller supplying power to 

eight CompactRIO modules  
20 W 

Power Supply 

    On Power 9 to 35 W 

After power up 6 to 35 V 

Safety Voltages 

V-to-C 35 V max 
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Table A.4 Input Modules NI 9201 

Module Terminal Signal 

 
 

0 AI0 

1 AI1 

2 AI2 

3 AI3 

4 AI4 

5 AI5 

6 AI6 

7 AI7 

8 NO CONNECTION 

9 COM 

 

Table A.5 Output Module NI 9263 

Module Terminal Signal 

 
 

 

0 AO0 

1 COM 

2 AO1 

3 COM 

4 AO2 

5 COM 

6 AO3 

7 COM 

8 NO CONNECTION 

9 COM 

 

 

 

 

 

 


