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ABSTRACT  

Now-a-days power quality has become a main issue. The technology of power electronics in the area of 

electric power has provided a great responsiveness on this issue of distribution systems. This paper investigates the 

problem of voltage sag and deals with the model of Dynamic Voltage Restorer (DVR) with fuel cell as the energy 

storage, since it presents a modern and flexible system design moreover fuel cells act as ecologically main sources 

of renewable energy. Additionally a new idea of restoration technique is recommended to inject least amount energy 

for a given apparent power of DVR. The performance of this proposed DVR is scrutinized with various control 

techniques like Proportional and Integral control (PI) and Fuzzy Logic (FL) control. The proposed reduced rating 

DVR with fuel cell, provides technically advanced and economic solution for voltage sag mitigation. The proposed 

method is analyzed with results of simulation done by MATLAB with its Simulink. 
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1. INRODUCTION 

Power distribution system, perfectly, should supply a continuous energy at the tapered magnitude level and 

frequency of sinusoidal voltage for customers. But, in practice modern power systems principally the distribution 

system which is an complex system where thousands of loads are connected and which  are very sensitive to power 

quality issues like voltage sag, swell, harmonics, interruption, impulse transients, etc. Voltage sag has considered as 

the main disturbance for sensitive loads since it may cause equipment tripping, shutdown for domestic and industrial 

equipment and failure of drive systems. Based on the IEEE standard, voltage sag is defined as a decrease of 0.1 to 

0.9 p.u. in the rms voltage of system frequency and with the duration of half a cycle to 1 minute. With respect to the 

voltage sag description and superiority, this disturbance can be considered as a transient phenomenon.  

Power quality problems can be overcame with the advanced control strategies and power electronics which 

helps to sustain the working of sensitive loads. The traditional mitigating methods include tap-changing transformers 

and uninterrupted power supplies. These methods are costly and not fast enough for voltage sag mitigation but the 

utilization of custom power devices is measured to be the most proficient method. The term custom power pertains 

for utilization of power electronics controller in distribution system. There are three custom power devices such as 

distribution-STATCOM (D-STATCOM), Dynamic Voltage Restorer (DVR), and Unified Power Quality 

Conditioner (UPQC). In comparison, DVR is most effective and exact model for reinstating the voltage quality. In 

three phase distribution system, voltage sag recompense the capability of DVR having utmost voltage insertion 

ability and active power contribution. Recent literature survey deals with different compensation techniques for the 

implementation of DVR to mitigate sag.  

In DVR, its DC side has to provide the active power. Devices which can store electrical energy come under 

indirect energy storage categories. The stored energy is reconverted to electrical energy when a supply of electrical 

energy is required. In DVR for voltage sag compensation different energy storage devices are used now-a-days. 

Electrical energy storage devices are batteries, Superconducting Magnetic Energy Storage (SMES) etc. And flywheel 

energy storage is used as a mechanical energy storage system. In many of the research papers battery energy storage 

is used, batteries that must be disposed of once their chemicals are used up. In the advance development, fuel cell 

conservation technique is used in lieu of dc energy storage system. Increment of fossil fuel price as well as increase 

of environmental pollution, leads researchers and scientists to pay attention towards sustainable energy and 

technology. Among various sources of renewable energy, fuel cell technology is becoming quite popular now-a-days 

and it plays a vital role as an innovative back-up among the storage devices. Fuel cells can able to operate at efficiency 

greater than the traditional energy production method.  Because of all these advantages and on-site distributed 

generation of fuel cell, DVR with fuel cell has proposed in this paper. DVR could sustain load voltage unaffected 

during any type of faults, if the energy storing capability of DVR was infinite. Because of the energy limitations of 

energy storage of DVR, DVR energy injection has to get minimized. To overcome aforementioned problem, a new 

technique which reduces the energy injected by DVR has presented in this paper.  

Fuel cell based dynamic voltage: 

Restorer: The schematic diagram of Dynamic Voltage Restorer (DVR) with fuel cell linked distribution system has 

exposed in Fig.1. DVR is nothing but a Voltage Source Inverter (VSI) which is set in series among the supply and a 

critical load at a point of common coupling through the injection transformer and it shoots up the series voltage with 

a controlled magnitude and phase angle to retrieve the load voltage quality even though the supply voltage has 

distorted. AC side of the VSI is connected to primary winding of the series injection transformer and its DC side is 
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coupled to an energy storage device through DC link capacitor. Here the DC side of VSI consists of Solid Oxide 

Fuel Cell (SOFC) parallel with capacitor.  

 
Figure.1. Basic circuit of DVR connected system 

A fuel cell which converts chemical energy into electrical energy by electrochemical conversion. In this, 

system generated electric energy as long as fuel is supplied continuously from outside, it can also act as a generating 

system similar to typical generating systems. DC voltage outputs are produced by fuel cells. Among the different 

types of fuel cell, SOFC fuel cell is more effective. During power system faults, the stationary utility in power supply 

in DVR has to get controlled. For this the transient behavior of SOFC has to get studied. SOFC operating temperature 

is 900o-1000o. The fuel cell has slow dynamic response. The system must have a fast auxiliary source, to supply or 

absorb high transient energy therefore a capacitor is connected in parallel with it. 

The utility and fuel cell status are monitored by the control circuit continuously. When the system discovers 

a fault, it reins the DVR with fuel cell to provide the compensating voltage. This voltage consists of two components, 

voltage in-phase with respect to current and quadrature with current. The voltage in-phase with current is necessary 

to normalize the voltage of DC bus and as well to meet power loss in the VSI of DVR and an injection transformer. 

The voltage which is in quadrature with current is essential to standardize the load voltage at stable magnitude.  

Control of DVR: The control technique used for switching of inverters provides the better efficiency of DVR. Hence 

different control strategies like PI controller, fuzzy controller and ANFIS controller were used here. Based on the 

comparison between the performances of these controllers on control over the PWM inverter switching, the optimum 

controller that improves the DVR’s performance is suggested. 

PI Controller: Output signal of a PI controller is directly proportional to the linear combination of measured 

actuating error signal and its time.  

With a weighted sum of the error and the integral of that value a PI controller exposed in figure.2, drives the 

plant to be controlled. Steady-state error to be zero for a step input in a PI controller because of its integral term. The 

difference between Vref and Vin gives the input for PI controller. In three-phase voltages, additional phase-lag/lead is 

provided by controller block’s output which is in an angle δ form.  

The output of error detector is Vref - Vin.  

Vref equal to 1 p.u. voltage 

Vin voltage in p.u. at the load terminals. 

 
Figure.2. PI controller 

Fuzzy Logic Controller: Fuzzy logic theory is measured as a mathematical approach combines multi-valued logic, 

probability theory, and artificial intelligence to replicate the human loom in reaching the result of a specific problem 

by using fairly accurate reasoning to relate various data sets and to build decisions. Among the different control 

techniques, the Fuzzy Logic Controllers provides unique solution for both enhanced transient and steady state 

responses. 

A feedback controller with fuzzy logic is engaged for scheming the proposed DVR voltage injection. Fuzzy 

logic controller is favored more than the normal PI and PID controller on account of its robustness to system 

parameter variations during operation and its easiness of implementation. The proposed DVR uses energy storage 

system consisting of capacitors and the output of inverter depends upon the energy available in the dc side capacitors. 

But with the voltage sag and swell issues the energy availability differs, the conservative PI and PID controllers are 

not able to respond for these parameter variations of the energy storage system; hence the control of voltage injection 

becomes difficult.  
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Figure.3. Schematic representation of Fuzzy Logic Controller 

Knowledge base, Fuzzification, Inference mechanism and Defuzzification are the four main functional 

blocks of fuzzy logic control scheme which is shown in figure.3. The knowledge base is self-possessed of data base 

and rule base. Data base contains input and output membership functions and gives information for correct 

fuzzification and defuzzification operations. The rule-base contains linguistic rules set connecting the fuzzified input 

variables to the preferred control actions. Fuzzification which converts a crisp input signals, error (e), and change in 

error (ce) into fuzzified signals that can be recognized by the fuzzy set membership level. The inference mechanism 

converts the input conditions to fuzzified output by the collection of linguistic rules. Finally, the fuzzified outputs 

are converted to crisp control signals by the defuzzification method with output membership function, which acts as 

the changes in the control input (u) in the system. The typical input membership functions of error and change in 

error are exposed in Fig 4a and Fig 4b respectively, whereas the output membership function for change in control 

input is exposed in Fig 4c. The fuzzy logic controller must give crisp output which is used to control PWM generation 

unit and thus accomplished by the defuzzification block. 

 a  b 

 c 

Figure.4. Membership functions for (a) error, (b) change in error, (c) output. 

The set of fuzzy control linguistic rules is given in Table.1. The inference mechanism of fuzzy logic 

controller utilizes these rules to generate the required output. 

Table.1. Rule Base Representation 

 CE 

E 

NB NM NS Z PS PM PB 

NB NB NB NB NM NM NS Z 

NM NB NB NM NM NS Z PS 

NS NB NM NM NS Z PS PM 

Z NM NM NS Z PS PM PM 

PS NM NS Z PS PM PM PB 

PM NS Z PS PM PM PB PB 

PB Z PS PM PM PB PB PB 

Proposed Compensation Strategy: In three phase distribution system, when voltage sag occurs, the DVR with fuel 

cell needs to provide essential voltage to compensate it. Though the supply voltage magnitude is not constant the 

load voltage Vload can be maintained as constant in magnitude and undistorted the insertion of voltage Vinj.  

Various DVR voltage injection schemes are exposed in the phasor diagram in Figure5. Before the occurrence 

of voltage sag, voltage across load is VL(presag). When the occurrence of voltage sag, the load voltage magnitude is 

reduced to VL(sag) with a phase lag angle of θ. Now the DVR needs to provide some voltage by which the magnitude 

of load voltage can be maintained at the pre-sag condition. With load voltage phase angle, the voltage injected by 
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DVR can be comprehended in four ways. Vinj1 is the DVR injected voltage which is in-phase with the VL(sag). With 

Vinj2, the phase angle of load voltage leads VL(sag) by a small angle and its magnitude remains same. In Vinj3, the phase 

angle of load voltage remains same as prior to fault condition.  

In Vinj4, the inserted voltage is at a phase angle of 90 with respect to current and this injection comprises no 

active power. On assessment of these four voltage injection schemes, with the injection of Vinj1, a minimum possible 

rating of the converter is achieved. The sinusoidal voltage signal is phase modulated by means of angle δ and 

modulated three phase voltages are given by,  

  𝑉𝑟 = sin(𝜔𝑡 + 𝛿) 

      𝑉𝑦 = sin(𝜔𝑡 + 𝛿 +
2𝜋

3
) 

       𝑉𝑏 = sin(𝜔𝑡 + 𝛿 +
4𝜋

3
) 

 
Figure.5. Phasor diagram for voltage injection schemes 

Modeling And Simulation: Voltage sag has created in a 415V, three phase distribution system with the help of a 

three phase to ground fault and a DVR with fuel cell is designed to mitigate sag event and is simulated by using 

MATLAB which is shown in Fig.6. The controller used here are PI and Fuzzy Logic controller. The proposed 

compensation technique is also implemented for minimizing the rating of DVR fuel cell. An equivalent load 

considered is a 10kVA 0.8-pf lagging linear load. Parameters of the considered system for the simulation study are 

given in the Appendix. 

 
Figure.6. Simulink Model of DVR connected system with Fuzzy Logic controller 

Performance of The Proposed System: The performance of DVR with fuel cell is validated for supply voltage 

disturbance like voltage sag. Voltage sag has created in supply voltage for time period of 0.2s to 0.4s which is 

exposed in fig.7a. Voltage sag which is a temporary reduction in supply voltage is corrected by voltage provided by 

DVR which is in phase with supply voltage in all the three phases, is shown in fig.7b. The load voltage is sustained 

sinusoidal by inserting proper recompense voltage by DVR is exposed in fig.7c.  

To implement the reduced rating DVR, finding the finest voltage injection angle is necessary. The magnitude 

of voltage injected by DVR for mitigation of same type sag event in the load with different angles of injection is 

observed. The volt-ampere ratings of DVR for four voltage injection schemes are given in Table.2. In Scheme.1, the 

DVR injects voltage which is in-phase with sag voltage. In Scheme.2, the DVR injects voltage at a small angle of 

30o and in Scheme.3, the DVR injects voltage at an angle of 45o. The voltage injection in quadrature with line current 

comes under Scheme.4.  
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Figure.7a. Simulation of Voltage Sag Figure.7b. Simulation of output voltage of DVR 

 
Figure.7c. Simulation of compensated Load Voltage 

Table.2. Comparison of power output of DVR for voltage sag compensation 

 

Schemes 

 

Angle of injection 

Power Output of DVR 

PI Controller Fuzzy Controller 

1 00 1083 1038 

2 300 1126 1085 

3 450 1179 1128 

4 600 1244 1192 

5 900 1403 1334 

The performance of the controllers at various voltage injection schemes are represented in figure.8. 

 
Figure.8. Performance comparison of controllers for voltage sag compensation 

2. CONCLUSION 

A new DVR design which incorporates a SOFC module as a DC source for voltage sag mitigation has been 

offered. From the modeling results, SOFC can be considered as a useful substitute DC source for the DVR which 

enhances power reliability and energy security by avoiding the vulnerabilities of centralized power generation. The 

operation of DVR with fuel cell has been demonstrated with PI and FLC using various voltage injection schemes. 

Also the modeling result shows that FLC provides the better response when compared to PI controller. The 

performance of DVR with fuel cell with different voltage injection schemes has compared. Based on the comparison 

results it is concluded that the injected voltage which is in-phase with the sag voltage reduces the power injected by 

DVR. This outcomes in minimum rating of DVR which makes the DVR more economical with optimum size. This 

work can also be extended to other power quality problems. 

Appendix 

AC Line Voltage : 415V, 50Hz 

Line Impedance  : Ls = 3.0mH, Rs = 0.01Ω     

Linear Loads  : 10-kVA, 0.80-pf lag 

Ripple Filter  : Cf = 10μF, Rf =  4.8Ω   

DC Voltage of DVR :  300V 

DC Bus Voltage PI Controller  : Kp1 = 0.5, Ki1 = 0.35 

AC Load Voltage PI Controller  : Kp2 = 0.5, Ki2 = 0.35 

PWM Switching Frequency  : 10kHz 

Series Transformer :  10kVA, 200V/300V 
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