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Abstract 
In recent years, a rapid decrease in the cost of various energy storage technologies 
and their integration into grid becomes a reality with the advent of smart grid. The 
Dynamic Voltage Restorer (DVR) is a custom power device that has an excellent dy-
namic capability used to provide voltage sag, swell compensation in distribution sys-
tems. Among the energy storage devices, Ultra-Capacitors (UCAP) have ideal cha-
racteristics such as high power and low energy density essential for the compensation 
of voltage sag and swell, which require high power for short interval of time. This 
paper presents an integration of rechargeable UCAP with DVR. This UCAP-DVR 
presents a modular, flexible system configuration that will have an active power ca-
pability and also provide deep, extended mitigation for power quality problems. The 
DVR is integrated into UCAP via bidirectional DC-DC converter which supports a 
rigid dc-link voltage for DVR and also helps in compensating temporary voltage sag 
and swell. FUZZY LOGIC Controller is used to enhance the performance of UCAP- 
DVR. The simulation model for the proposed system has been developed in MAT- 
LAB and the performance over conventional DVR is compared with the results ob-
tained. 
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1. Introduction 

Power quality is one of the major concerns in present era. The growth of power elec-
tronic technology in the field of electric power sector has caused a great awareness on 
power quality in distribution systems. Sensitive industrial loads, utility distribution 
networks all suffer from various types of power quality problems such as voltage sag, 
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voltage swell, power interruptions, harmonics etc. [1]. Among these power quality 
problems, voltage sag and swell are the most frequent problems in the distribution sys-
tem [2]. So, there is a necessity to enhance power quality in distribution systems. 

The Custom Power Device Dynamic Voltage Restorer (DVR) has become a popular 
cost effective solution for power quality enhancement [3]. The use of Inverter based 
DVR for power quality problems, was presented in [4]. The compensation capability of 
DVR mainly depends on its maximum voltage injection ability and its active power 
contribution. The system configurations and analysis reveal the operating performance 
of DVR [5]. The Energy Optimized DVR to compensate voltage sag and swell was done 
by injecting a lagging voltage in quadrature with the line current [6]. 

In the recent past, the cost of the rechargeable energy storage has been drastically 
decreasing due to various developments in technologies such as solar, wind, hybrid 
electric vehicles (HEVs). Numerous types of rechargeable energy storage technologies 
based on flywheels (FESS), batteries (BESS), superconducting magnets (SMES) and ul-
tra-capacitors (UCAPs) are designed for integration into advanced power applications 
like DVR [7] [8] [9]. There has been improved interest to integrate rechargeable energy 
storage at the dc-terminal of power quality products like STATCOM and DVR is ad-
dressed in [10]. Matrix converter based DVR is given in [11] [12] where there is no re-
quirement of energy storage device for emergency purpose of the grid but it suffers 
from drawbacks such as high cost, high energy requirement and in [13] H-bridge with 
cascaded connection in DVR with an inductor controlled by thyristor is introduced to 
minimize the necessity of energy storage. Ultra-capacitors are best suited for many ap-
plications among other energy storage technologies which need active power support in 
the range of milliseconds to seconds [14] [15]. 

Ultra-capacitors have various potential advantages that make them unbeatable in 
many applications because they require neither cooling nor heating, no moving parts, 
and it does not undergo internal chemical changes as part of their function. In addition, 
no frequent maintenance is required with reduction in lifetime degradation due to deep 
cycling and they are very efficient and robust. 

This paper deals with the problems of voltage sag and swell in distribution system 
and also presents the integration of UCAP-DVR. To achieve fast and precise compen-
sation Fuzzy Logic Controller (FLC) is used along with UCAP-DVR. The UCAP is in-
tegrated into the DC link of DVR via bidirectional DC-DC converter designed to oper-
ate in buck and boost mode. In addition, UCAPs have high power density and low en-
ergy density ideal characteristics for effective compensation of PQ problems such as 
voltage sag and voltage swell investigating the high quality of power in the distributed 
power generation. 

2. Proposed System 

The block diagram of the integrated UCAP-DVR connected distribution system is 
shown in Figure 1. It consists of DVR, a bidirectional DC-DC converter connected 
with UCAP energy storage device. DVR is a Voltage Source Inverter (VSI) which is put  
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Figure 1. Block diagram of the proposed system. 

 
in series between the supply and a critical load at the point of common coupling 
through the injection transformer. It is a solid state inverter which shoots up the series 
voltage with a controlled magnitude and phase angle to retrieve the quality of load 
voltage although the supply voltage is distorted. AC side of the voltage source inverter 
is connected to primary winding of the series injection transformer and its DC side is 
connected to an energy storage device UCAP through a bi-directional DC-DC conver-
ter to maintain stiff dc-link voltage. The proposed system has the capability to supply 
and absorb active power from the grid. A bi-directional dc-dc converter acts as a boost 
converter while the UCAP is discharging energy into the grid and as a buck converter 
while charging the UCAP from the grid. 

The performance of the proposed UCAP-DVR is improved by using FLC to provide 
precise and fast compensation for power quality problems. 

3. Design and Simulation of Ultra Capacitor (UCAP) 
3.1. Basic Structure 

Ultra-Capacitor consists of the electrode, electrolyte, Collector, exhaust valve, mem-
brane for isolation, sealing materials and connection pole. The performance of Ultra- 
capacitor depends on Electrode materials, composition of electrolyte, quality related to 
separation membrane and manufacturing technology. According to the energy storage 
mechanism, UCAP can be divided into three categories namely double-layer capacitor, 
metal-oxide electrode super-capacitor and organic polymer electrode Ultra capacitor. 
The frequently used carbon electrode double-layer capacitor is shown in Figure 2. 

While charging, the positive plate attracts electrolyte anode and negative plate at-
tracts cathode, a double layer capacitor is formed on the surface of two layers, thus the 
name double layer capacitor. When discharging, it can release all stored energy in-
stantly. The advantage of using UCAP is that they have long life time and it has large 
charge as well as discharge cycles. UCAP is mainly suitable for short term high-power 
application. 
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3.2. Design and Simulation 

The choice of selecting the number of UCAPs depends on the factors such as a terminal 
voltage of UCAP, dc-link voltage and voltage of the distribution grid. The value of ca-
pacitance and Equivalent series resistance (ESR) depends on the formula given by,  

cell=sy
C

C
n

                               (1) 

cell= ∗syESR ESR n                            (2) 

The capacitance of the UCAP varies directly with the parallel plate area A and in-
versely with the distance a between the plates and is given by,  

o r A
C

a
ε ε

=  [F]                           (3) 

The design parameters are shown in Table 1. 
In this paper, three UCAP, each of 48 V with 165 F capacitance, are connected in se-

ries to obtain the output voltage of 144 V. This model is simulated in Matlab is shown 
in Figure 3. 

4. Design and Simulation of DC-DC Converter 

There arises an increasing need for the systems with the competency of bidirectional  
 

 
Figure 2. Ultra-capacitor structure. 
 
Table 1. Design parameters. 

PARAMETERS RATINGS 

Rated Voltage 48 V 

Leakage Current 5.2 mA 

Rated Capacitance 165 F 

ESR 7 mΩ 

Operating Temperature 25˚C 
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transfer of energy between two dc buses, thus bidirectional dc-dc converters have re-
cently received a lot of attention. It acts as an interface circuit in energy storage system 
for UCAP as a wide range of voltage varies during charging and discharging. Moreover 
in the voltage side, if an inverter is connected, there is a need for the UCAP to provide a 
stable DC voltage for the inverter circuit. Thus, DC-DC converter plays a major role in 
this system. The model of bidirectional DC-DC converter is shown in Figure 4 with 
UCAP as energy storage. 

During Voltage sag event, the DC-DC converter should be able to withstand the 
power generated during the discharge mode. Depend on depth and duration of the vol-
tage sag; the grid decides the amount of active power support. Conversely, during vol-
tage swell event the DC-DC converter may able to absorb the additional power from 
the grid. Thus bidirectional DC-DC converter acts in boost mode while discharging 
and, on the other hand, it acts as buck mode during charging. The choice of the num-
ber of UCAPs necessary for providing grid support depends on the amount of support 
needed, terminal voltage of the UCAP, dc-link voltage and distribution grid voltages. 
 

 
Figure 3. UCAP design using MATLAB. 

 

 
Figure 4. Bidirectional DC-DC converter with UCAP energy storage. 
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In the proposed system, the DC link voltage needs to be 220 V for optimal perform-
ance of DVR so that three UCAPs are connected in series with the voltage of 144 V 
which acts as input to the bidirectional DC-DC converter. Therefore, bi-directional 
dc-dc converter is designed to operate in boost mode when the UCAP bank voltage in 
discharge mode and the output voltage are regulated at 220 V. And when the UCAP 
bank voltage in charge mode the bi-directional dc-dc converter is operated in Buck 
mode and draws energy from the grid to charge the UCAPs and the output voltage is 
again regulated at 220 V. The design specifications of DC-DC converter is shown in 
Table 2. 

This model is simulated in matlab using FLC to get the fine output DC voltage from 
converter which is used as DC link voltage for DVR. The input voltage from UCAP and 
the output voltage obtained are shown in Figure 5(a) and Figure 5(b). 

5. Fuzzy Logic Controller 

FLC is one of the most flourishing operations of fuzzy set theory. Its principal aspects 
are the utilization of linguistic variables rather than numerical variables. FL control 
technique relies on human potential to figure out the behaviour of system and is con-
structed on the rules of quality control. FL affords a simple way to arrive at a definite 
ending based upon ambiguous, blurred, imprecise, missing or noisy input data. The ba-
sic structure of FLC is represented in Figure 6. 

In this paper, FLC is implemented along with UCAP-DVR for voltage correction 
through Error and Change in Error are the inputs and Duty cycle is the output to the 
Fuzzy Logic Controller as shown in Figures 7(a)-(c). In the decision-making process, 
there is rule base which associates between input (error signal) and output signal. Table 
3 shows the rule base exercised in this proposed Fuzzy Logic Controller. 

6. Simulation Results 

Consider a three phase 440 V, 50 Hz distribution system is connected to linear load 
with line impedance R = 2.5 Ω L = 3 mH. The power quality problems voltage sag and 
swell are simulated in Matlab for the time interval of 0.15 s to 0.35 s is shown in Figure 
8(a) and Figure 8(b). 

UCAP model is designed and integrated with DVR through the DC-DC converter 
and is connected to distribution system for the compensation of voltage sag and swell. 
Two different control strategies using PI controller and the proposed Fuzzy Logic (FL)  
 
Table 2. Design specifications. 

Parameters Values 

Inductance 181 µH 

Capacitance 44 µF 

Resistance 213.5 Ω 

Ultra-Capacitor Voltage 144 V 
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(a) 

 
(b) 

Figure 5. (a) Input and (b) Output voltages of DC-DC converter. 
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Figure 6. Basic structure of fuzzy logic controller. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 7. Membership function for (a) Error. (b) Change in error. (c) Output. 
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Table 3. Fuzzy rules. 

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 

 

 
(a) 

 
(b) 

Figure 8. Simulated waveform for (a) Voltage sag; (b) Voltage swell. 
 
controller were implemented in UCAP-DVR. The simulation model of the proposed 
DVR with Fuzzy Logic Controller is shown in Figure 9. 
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Figure 9. Proposed DVR with fuzzy logic controller. 

 
The injected voltage of DVR [Vinja, Vinjb, Vinjc] for the voltage sag is shown in Figure 

10(a). It can be observed from Figure 10(b) that the injected voltage Vinja lags V0ab by 
30˚, which shows that it is in-phase with the line-neutral source voltage V0ab. 

The injected voltage of the DVR [Vinja, Vinjb, Vinjc] for the voltage swell is shown in 
Figure 11(a). It can be observed from Figure 11(b) that the injected voltage Vinja lags 
V0ab by 150˚, which shows that it is out of phase with 180˚ in line-neutral voltage source 
V0ab. Thus, the voltage sag and swell problems are compensated effectively by the 
proposed UCAP-DVR in a precise and effective manner is shown in Figure 11(c). The 
active power may be absorbed by UCAP-DVR from the grid during voltage swell event 
through the bidirectional converter and the inverter. It can be observed that due to the 
injected voltage, the magnitude of the source voltage is reduced, but the load voltage 
remains constant and thus the voltage sag event can be compensated. Similarly, it can 
be observed that due to the injected voltage, the magnitude of source voltage has in-
creased, but the load voltage remains constant and thus the voltage swell can be com-
pensated. 

The effectiveness of the proposed fuzzy logic controlled UCAP-DVR is proven by 
comparing its performance with conventional DVR with different controllers PI and 
fuzzy logic controller in terms of measuring Total Harmonic Distortion (THD) of the 
source voltage. The THD spectrum obtained for the voltage sag and swell event by using  
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(a) 

 
(b) 

Figure 10. (a) Injected voltage [Vinja, Vinjb, Vinjc] during sag. (b) Injected voltage Vinja (green) and V0ab (blue) during sag. 
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(a) 

 
(b) 

 
(c) 

Figure 11. (a) Injected voltage [Vinja, Vinjb, Vinjc] during swell. (b) Injected voltage Vinja (green) and V0ab (blue) during swell. (c) Compen-
sated voltage. 
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the proposed DVR is shown in Figure 12(a) and Figure 12(b). The comparison of 
THD between the uncompensated, conventional DVR, UCAP-DVR with PI controller 
and the proposed UCAP-DVR with Fuzzy Logic controller is shown in Table 4. This 
analysis shows that the integrated UCAP-DVR connected through the bidirectional 
DC-DC converter using FLC provides efficient and precise compensation for power 
quality problems voltage sag and swell. Thus the performance of DVR is greatly im-
proved and also reduces THD of the source voltage to the acceptable value. 

7. Conclusion 

In this paper, a novel integrated UCAP-DVR design was proposed to improve the voltage  
 

 
(a) 

 
(b) 

Figure 12. Simulated waveform for (a) Voltage sag; (b) Voltage swell. 
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Table 4. THD comparison. 

System THD for Voltage Sag THD for Voltage Swell 

Uncompensated 7.35% 8.45% 

Conventional 3.22% 4.02% 

Integrated UCAP-DVR Using PI Controller 1.55% 1.71% 

Integrated UCAP-DVR Using FLC 1.36% 1.42% 

 
profile of distribution power system. The proposed model proves that UCAP can be a 
useful alternative DC source for DVR since it can provide very high power in a short 
duration of time and to explore the feasibility and stability of the energy storage system 
which enhances power reliability and energy security in a distribution system. The de-
sign and modelling of bidirectional DC-DC converter was discussed as UCAP cannot 
be directly connected to the dc-link of the DVR. The operation of the proposed DVR 
has been demonstrated by using FLC. The simulation of the UCAP-DVR system is car-
ried out using MATLAB. The results obtained show that the proposed system has the 
ability to provide temporary voltage sag and swell compensation, active power support 
and renewable intermittency smoothing to the distribution grid. The simulation results 
obtained are also compared with conventional DVR in terms of THD, and show that 
the proposed DVR using FLC provides compensation in efficient and deep manner. 
These outcomes make DVR more economical and can also be extended to other power 
quality problems. In future, the proposed DVR can be deployed in a micro-grid or a 
low voltage distribution grid to respond to dynamic changes in the voltage profiles and 
power profiles on the distribution grid in a smart grid scenario. 
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