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ABSTRACT 
This paper proposes a new connection for a unified power quality conditioner (UPQC) to improve the power quality of two feeders 
in a distribution system. A UPQC consists of a series voltage-source converter (VSC) and a shunt VSC both joined together by a 
common dc bus. It is demonstrated how this device is connected between two independent feeders to regulate the bus voltage of 
one of the feeders while regulating the voltage across a sensitive load in the other feeder. Since the UPQC is connected between 
two different feeders (lines), this connection of the UPQC will be called an interline UPQC (IUPQC). The structure, control and 
capability of the IUPQC with PI and FUZZY controller technique are discussed in this paper. The efficacy of the proposed 
configuration has been verified through simulation studies using MATLAB/PSCAD/EMTDC. 

1.INTRODUCTION 
VOLTAGE-SOURCE CONVERTER (VSC)-based custom power devices are increasingly being used in custom power 
applications for improving the power quality (PQ) of power distribution systems. Devices such as distribution static 
compensator (DSTATCOM) and dynamic voltage restorer (DVR) are the facts devices. A DSTATCOM can compensate 
for distortion and unbalance in a load such that a balanced sinusoidal current flows through the feeder. It can also 
regulate the voltage of a distribution bus. A DVR can compensate for voltage sag/swell and distortion in the supply side 
voltage such that the voltage across a sensitive/critical load terminal is perfectly regulated .A unified power-quality 
conditioner (UPQC) can perform the functions of both DSTATCOM and DVR. The UPQC consists of two voltage-source 
converters (VSCs) that are connected to a common dc bus. One of the VSCs is connected in series with a distribution 
feeder, while the other one is connected in shunt with the same feeder. The dc links of both VSCs are supplied through a 
common dc capacitor. It is also possible to connect two VSCs to two different feeders in a distribution system. In, a 
configuration called IDVR has been discussed in which two DVRs are connected in series with two separate adjacent 
feeders. The dc buses of the DVRs are connected together. The IDVR absorbs real power from one feeder and maintains 
the dc link voltage to mitigate 40% (about 0.6 p.u.) voltage sag in the other feeder with balanced loads connected in the 
distribution system. It is also possible to connect two shunt VSCs to different feeders through a common dc link. This can 
also perform the functions of the two DVRs mentioned above, albeit with higher device rating. This paper presents a new 
connection for a UPQC called interline UPQC (IUPQC). The single-line diagram of an IUPQC connected distribution 
system is shown in Fig. 1. 

 
Two feeders, Feeder-1 and Feeder-2, which are connected to two different substations, supply the system loads L-1 and L-
2. The supply voltages are denoted byVs1 and Vs2 It is assumed that the IUPQC is connected to two buses B-1 and B-2, 
the voltages of which are denoted by Vt1 and Vt2 respectively. Further two feeder currents are denoted by is1 and is2 
while the load currents are denoted by il1 and il2. The load L-2 voltage is denoted it1 and it2 by vt2 . The purpose of the 
IUPQC is to hold the voltages Vt1 and Vt2 constant against voltage sag/swell, temporary interruption in either of the two 
feeders. It has been demonstrated that the IUPQC can absorb power from one feeder (say Feeder-1) to Hold Vt2. constant 
in case of a sag in the voltage Vs2This can be accomplished as the two VSCs are supplied by a common dc capacitor. The 
dc capacitor voltage control has been discussed here along with voltage reference generation strategy. Also, the limits of 
achievable performance have been computed. The performance of the IUPQC has been evaluated through simulation 
studies using MATLAB. 
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2.. STRUCTURE AND CONTROL  
The IUPQC shown in Fig. 1 consists of two VSCs (VSC-1 and VSC-2) that are connected back to back through a 
common energy storage dc capacitor Cdc. Let us assume that the VSC-1 is connected in shunt to Feeder-1 while the VSC-
2 is connected in series with Feeder-2. Each of the two VSCs is realized by 

 
Fig.2: schematic structure of VSC 

 
Fig.3: complete structure of an IUPQC 

 
Fig. 4: Typical IUPQC connected in a distribution system  

 
Three H-bridge inverters. The schematic structure of a VSC is shown in Fig. 2. In this structure, each switch represents a 
power semiconductor device (e.g., IGBT) and an anti-parallel diode as shown in Fig. 2. All the inverters are supplied 
from a common single dc capacitor Cdc and each inverter has a transformer connected at its output. The complete 
structure of a three-phase IUPQC with two such VSCs is shown in Fig. 3. The secondary (distribution) sides of the shunt-
connected transformers (VSC-1) are connected in star with the neutral point being connected to the load neutral. The 
secondary winding of the series-connected transformers (VSC-2) are directly connected in series with the bus B-2 and 
load L-2. The ac filter capacitors Cf and Ck and are also connected in each phase (Fig. 3) to prevent the flow of the 
harmonic currents generated due to switching. The six inverters of the IUPQC are controlled independently. The 
switching action is obtained using output feedback control. The controller is designed in discrete-time using pole-shifting 
law in the polynomial domain as discussed in Appendix A. 
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3. SYSTEM DESCRIPTION 
An IUPQC connected to a distribution system is shown in Fig. 4. In this figure, the feeder impedances are denoted by the 
Pairs (Rs1,Ls1) and  

Table .1.System parameters 
(Rs2,Ls2). It can be seen that the two 

 
feeders supply the loads L-1 and L-2. The load L-1 is assumed to have two separate components—an unbalanced part (L-
11) and a non-linear part (L-12). The currents drawn by these two loads are denoted by it11and it22 respectively. We 
further assume that the load L-2 is a sensitive load that requires uninterrupted and regulated voltage. The shunt VSC 
(VSC-1) is connected to bus B-1 at the end of Feeder-1, while the series VSC (VSC-2) is connected at bus B-2 at the end 
of Feeder-2. The voltages of buses B-1 and B 2 and across the sensitive load terminal are denoted by Vt1 and Vt2 
respectively. The aim of the IUPQC is two-fold: 

1. To protect the sensitive load L-2 from the disturbances occurring in the system by regulating the voltage Vt2.  
2. To regulate the bus B-1 voltage Vt1 against sag/swell and or disturbances in the system.  

In order to attain these aims, the shunt VSC-1 is operated as a voltage controller while the series VSC-2 regulates the 
voltage Vt2 across the sensitive load. The system parameters used in the study are given in Table I. The length of Feeder-
1 is arbitrarily chosen to be twice that of Feeder-2. The voltage of bus B-1 and load L-1 currents, when no IUPQC is 
connected to the distribution system, are shown in Fig. 5. In this figure and in all the remaining figures showing three 
phase waveforms, the phases a, b and c are depicted by solid, dashed and dotted lines, respectively. It can be seen from 
Fig. 5(a), that due to the presence of unbalanced and non-linear load L-1, the voltage Vt1is both unbalanced and 
distorted. Also, the load L-11 causes an unbalance in the current il12 while load L-12 causes distortion in the current 
il11. We shall now demonstrate how these waveforms can be improved using the IUPQC. 

4. IUPQC OPERATION 
As mentioned before, the shunt VSC (VSC-1) holds the voltage of bus B-1 constant. This is accomplished by making 

 
Fig.5. voltages and currents in the absence of IUPQC:)(a) B-1 bus voltages 
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the VSC-1 to track a reference voltage across the filter capacitor Cf . The equivalent circuit of the VSC-1 is shown in 
 Fig. 6: (a) in which u1. Vdc denote 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the inverter output voltage where is dc capacitor voltage and u1is switching action equal to ( + or – n) where n1 is turns 
ratio of the transformers of VSC-1. In Fig. 6(a), the inverter losses and leakage inductance of the transformers are 
denoted by and, respectively. All system parameters are referred to the line side of the transformers. Defining the state 
vector as, the state space model for the VSC-1 is written as   X1

T= [  vt1 if1] , 
 the state space model for the VSC-1 is written as 
₁= F₁x  + G₁z₁ 

  y₁=vt₁=H x                                                                                                                                                (1)         
Where 

F₁= ,   G₁=  

H= , z₁=  

Note that Ulc is the continuous time equivalent of Ul .The system given in (1) is descretized and is written in input–
output 
 A1(z-1)y1(k) = B1(z-1)u1c(k) + C1(z-1)n1(k)                                                                                                     (2) 
where Th(k) is a disturbance which is equal to ish . A pole-shift controller is used to determine the switching action Ul  
from Ulc. he controller is discussed in Appendix A and is used to track 1ref(k) a reference signal . The reference Y1ref(k) 
is the desired voltage of the bus B-1.The peak of this instantaneous voltage is pre-specified and its has angle is adjusted to 
maintain the power balance in the system. To set the phase angle, we note that the dc capacitor (in Fig. 4) must be able to 
supply VSC-1 while maintaining its dcbus voltage constant by drawing power from the ac system. 

 
Fig.6: single-phase equivalent circuit of (a) VSC-1 and (b) VSC-2  

A proportional controller is used for controlling the dc capacitor Vdc voltage and is given by 

δ =kp (Vdcref – Vdcav)                                                                                                                           (3) 

where Vdcav is the average voltage across the dc capacitor over a cycle Vdcref is its set reference value and is the 
proportional gain. It is to be noted that the average voltage is obtained using a moving average low pass filter to eliminate 
all switching components from the signal. The equivalent circuit of the VSC-2 is shown in Fig. 6(b) and is similar to the 
one shown in Fig. 6(a) in every respect. Defining a state and input vector, respectively, as  x2

T= [ vk   if2 ]and  z2
T= [u2c   is2] 

, and the state space model for VSC-2 is given as 

System quantity Parameters 
System frequency  50Hz 
VSC-1 single phase 
transformers 

1 MVA,3/11kV 
10%  Leakage reactance 

VSC-2 single phase 
transformers 

1 MVA,3/11kV 
10%  Leakage reactance 

Losses Rf₁=6.0Ω 
Rf₂=1.0Ω 

Leakage reactance 2 fLf₁=12.1Ω 
2 fLf₂=12.1Ω 

Filter capacitor ( ) 50 μF 
Filter capacitor ( ) 30 μF 
DC capacitor ( ) 3,000 μF 
Vdcref 6.5kV 
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   = F2x2+ G2z2 

   y2= vk =Hx2                                                                                                                                                                                                                                     (4) 

TABLE II IUPQC Parameters 
Where F2 and G2 are matrices that are similar to F1 and G1, respectively. The discrete-time input–output equivalent of 
(4) is given as 
 A2(z-1)y2(k) = B2(z-1)u2c(k) + C2(z-1)n2(k)                                                                                                        (5) 
Where the disturbance n2 is equal to is2 . We now use a separate pole-shift controller to determine the switching action 
from so as to track the reference signal Y2 ref (k) . 
Note from Fig. 4 that the purpose of the VSC-2 is to hold the voltage across the sensitive load L-2 constant Let us denote 
the reference load L-2 voltage as  Vl2

*.  Then the reference Y2ref  is computed by the application of Kirchhoff’s voltage law 
as [see Fig. 6(b)] 

 y2ref= Vl2
*- Vt2                                                                                                     (6) 

We shall now demonstrate the normal operation of the IUPQCthrough simulation using MATLAB IUPQC parameters 
chosen are listed in Table II and the system parameters are given in Table I. The peak of the reference voltage Y1ref is 
chosen as 9.0 kV and its angle is computed from the angle controller (3) with Kp*=0.25. The reference voltage Vl2

* is 
chosen as a sinusoidal waveform with a peak of 9.0 kV and a phase angle of The simulation results are shown in Figs. 7 
and 8. It is assumed that the dc capacitor is initially uncharged and both the feeders along with the IUPQC are connected 
at time zero. It can be seen from Fig. 7(a), that the three-phase B-1 voltages vt1, are perfectly balanced with a peak of 9 
kV. Once these voltages become balanced, the currents drawn by Feeder-1,Is1 ,also become balanced. The load L-2 bus 
voltages Vt2, shown in Fig. 7(c) are also perfectly sinusoidal with the desired peak  of (9 kV) as the converter VSC-2 
injects the required voltages in the system. The bus B-2 voltages, , can be seen to have a much smaller magnitude (about 
7.75 kV peak). The dc capacitor voltage Vdc is shown in Fig. 8(a). It can be observed that it has a settling time of about 4 
cycles (0.08 s) and it attains a steady-state value of about 4.17 kV.  
The phase angle δ1 shown in Fig. 8(b) settles at -33.88 

 
The phase angle δ1 shown in Fig. 8(b) settles at -33.88 
Fuzzy Logic Controllers 
The word Fuzzy means vagueness. Fuzziness occurs when the boundary of piece of information is not clear-cut. In 1965 
Lotfi A.Zahed propounded the fuzzy set theory. Fuzzy set theory exhibits immense potential for effective solving of the 
uncertainty in the problem.Fuzzy set theory is an excellent mathematical tool to handle the uncertainty arising due to 
vagueness. Understanding human speech and recognizing handwritten characters are some common instances where 
fuzziness manifests.Fuzzy set theory is an extension of classical set theory where elements have varying degrees of 
membership. Fuzzy logic uses the whole interval between 0 and 1 to describe human reasoning. In FLC the input 
variables are mapped by sets of membership functions and these are called as “FUZZY SETS”. 
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Fig.4.FUZZY BASIC MODULE 

Fuzzy set comprises from a membership function which could be defines by parameters. The value between 0 and 1 
reveals a degree of membership to the fuzzy set. The process of converting the crisp input to a fuzzy value is called as 
“fuzzificaton.” The output of the Fuzzier module is interfaced with the rules.The basic operation of FLC is constructed 
from fuzzy control rules utilizing the values of fuzzy sets in general for the error and the change of error and control 
action. The results are combined to give a crisp output controlling the output variable and this process is called as 
“DEFUZZIFICATION.”  
III. FUZZY RULES 

 
 

Fig. 5: control strategy based on 49 Fuzzy controls Rule with combination of Seven error states multiplying with seven 
changes of error states. 

Simulation results 

 
Vabcb21 
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Fig.6:.(a) input voltage 

 
Fig. 7 (b)input DC voltage 
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Fig.8: (a) input voltage output (d)120VAC output,(e) 220V AC  

output,(b)input DC voltage,(c)110V 
 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org  

Volume 3, Issue 7, July 2014   ISSN 2319 - 4847 
 

Volume 3, Issue 7, July 2014 Page 81 
 

The performance of the IUPQC is tested when a fault (L-G, L-L-G, and three-phase to ground) occurs in Feeder-2 at bus 
B-2. The system response is shown in Fig. 13 when a 10 cycle L-G fault occurs at 0.14 s such that the a-phase of B-2 bus 
voltage becomes zero. When the fault occurs, the power fed to load L-2 by Feeder-2 is reduced. To meet the power 
requirement of the load L-2, the dc capacitor starts supplying this power momentarily. This causes the dc capacitor 
voltage to drop from 4.1 kV to 3.5 kV and δ1 to change from 32˚ to 42˚. It can be seen from Fig. 13(b), that the L-2 load 
voltages remain balanced throughout the fault period. The system response is shown in Fig. 14 when a 10 cycle L-L-G 
fault occurs at 0.14 s such that both the a and b-phases of B-2 bus voltage become zero. B-2 bus voltages are shown in 
Fig. 14(a). It can be seen from Fig. 14(b), that the L-2 load voltages remain balanced. However, the dc capacitor voltage. 
now drops to about 2.65 kV and δ1 from -34˚to -55˚ . Still it is enough to regulate both the load voltages. Now, the system 
performance has been tested when a three phase fault occurs at 0.14 s in Feeder-2 at bus B-2 such that the voltage Vt2 
becomes zero. The system response is shown in Figs. 15 and 16 where the fault is assumed to last 5 cycles only. When the 
fault occurs, the power fed to load L-2 by Feeder-2 becomes zero. To meet the power requirement of the load L-2, the dc 
capacitor starts supplying this power momentarily. This causes the dc capacitor voltage Vdc to drop and, to offset the 
voltage drop, the angleδ1 retards. As a result, power is drawn from the source through Feeder-1 and supplied to both the 
loads L-1 and L-2. These two quantities regain their nominal steady state values once the fault is cleared. This is evident 
from Fig. 15. The bus B-1 voltage Vt1 and the load L-2 voltage Vt2are shown in Fig. 16. It Finally to test the system can 
be seen that barring transients at the beginning and at the end of the fault, the voltage Vt2 across the sensitive load 
remains balanced and sinusoidal. However, since the angle δ1 drops below -75˚ , the bus B-1 voltage gets distorted and its 
magnitude also reduces. These voltages, however, regain their nominal values within a cycle of the removal of the fault. If 
the fault persists for a longer duration, the dc link voltage will continue to drop. This will gradually make the voltage 
tracking by either of the two VSCs impossible and both the bus B-1 and load L-2 voltages will collapse eventually. In 
order to avoid this, the load L-1 has to be reduced. To test this, the nonlinear load L-12 is cut off at 0.15 s when the fault 
occurs at 0.14 s. This implies that duration of 0.01 s is needed for the detection of the fault. The simulation results with 
load removal are shown in Fig. 17. In Fig. 17, only the voltage of phase-a of bus B-1 and load L-2 are shown. The trends 
in the other two phases are similar. It is assumed that the fault is of permanent nature and source Vs2 is isolated from the 
fault by a circuit breaker. This implies that the voltage Vt2 remains zero till Feeder-2 is reenergized after repair work. It 
can be seen that as soon as the fault occurs, both the dc link voltage and the phase angle of B-1 bus voltage drop and, as a 
result, the bus B-1 voltage starts getting distorted. However, as soon as the load L-12 is cut off from the system at 0.15 s, 
all these quantities return to their nominal values within about three cycles. E. Load Change behavior during a load 
change, the unbalanced RL load L-11 is doubled by reducing its unbalanced impedances to half at 0.14 s. The nonlinear 
load L 12, however, has been kept unchanged. The system response is shown in Fig. 18  It can be seen that as the load 
increases, both the dc link voltage and angle reduce and attain a new steady state. However, the bus B-1 voltage remains 
undisturbed. The phase-a load current is also shown in Fig. 18. It can be seen that it increases by about 50% after the load 
change. 

5. CONCLUSIONS 
The paper illustrates the operation and control of an interline unified power quality conditioner (IUPQC). The device is 
connected between two feeders coming from different substations. An unbalanced and non-linear load L-1 is supplied by 
Feeder-1 while a sensitive load L-2 is supplied through Feeder-2. The main aim of the IUPQC is to regulate the voltage at 
the terminals of Feeder-1 and to protect the sensitive load from disturbances occurring upstream. The performance of the 
IUPQC has been evaluated under various disturbance conditions such as voltage sag in either feeder, fault in one of the 
feeders and load change. It has been shown that in case of a voltage sag, the phase angle of the bus voltage in which the 
shunt VSC is connected plays an important role as it gives the measure of the real power required by the load. The 
IUPQC can mitigate a voltage sag of about 0.6 p.u. (9 kV to 5.5 kV) in Feeder-1 and 0.33 p.u. (i.e., 9 kV to 3 kV) in 
Feeder-2 for long duration. The IUPQC discussed in the paper is capable of handling system in which the loads are 
unbalanced and distorted. Extensive case studies have been included to show that an IUPQC might be used as a versatile 
device for improving the power quality in an interconnected distribution system. From above discussion, it has been 
observed that an IUPQC is able to protect the distribution system from various disturbances occurring either in Feeder-1 
or in Feeder-2. As far as the common dc link voltage is at the reasonable level, the device works satisfactorily. The angle 
controller ensures that the real power is drawn from Feeder-1 to hold the dc link voltage constant. Therefore, even for a 
voltage sag or a fault in Feeder-2, VSC-1 passes real power through the dc capacitor onto VSC-2 to regulate the voltage 
Vt2. Finally when a fault occurs in Feeder-2 or Feeder-2 is lost, the power required by the Load L-2 is supplied through 
both the VSCs. This implies that the power semiconductor switches of the VSCs must be rated such that the total power 
transfer through them must be possible. This may increase the cost of this device. However, the benefit that may be 
obtained can offset the expense. In the IUPQC configuration discussed in this paper, the sensitive load is fully protected 
against sag/swell and interruption. The sensitive load is usually a part of a process industry where interruptions result in 
severe economic loss [14]. Therefore, the cost of the series part of IUPQC must be balanced against cost of interruptions 
based on past reliability indices (e.g., CAIFI, CAIDI). It is expected that a part of IUPQC cost can be recovered in 5–10 
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years by charging higher tariff for the protected line. Furthermore, the regulated bus B-1 can supply several customers 
who are also protected against sag and swell. The remaining part of the IUPQC cost can be recovered by charging higher 
tariff to this class of customers. Such detailed analysis is required for each IUPQC installation. In conclusion, the 
performance under some of the major concerns of both customer and utility e.g., harmonic contents in loads, unbalanced 
loads, supply voltage distortion, system disturbances such as voltage sag, swell and fault has been studied. The IUPQC 
has been shown to compensate for several of these events successfully. 
APPENDIX A 
Pole-Shift controller Design For VSC 
The discrete-time input-output equation of VSCs given in (2) and (5) can be written in a general form as 
     A(z-1)y(k) = B(z-1)uc(k) + C(z-1) (k) (A.1) 
The aim of the pole-shift controller is to track a reference value that is denoted by yref. The control law is given by 
[1],[12] 
     uc(k)=                                                                                            (A.2) 

Where S and R are controller ploynomials to be deteremined. From (A.1) and (A.2), the closed-loop system equation is 
then written as 

=                                                                                         (A.3) 

Let the closed-loop characteristic equation be defined by 
      T(z-1)= n                                                                                         (A.4) 
The closed- loop system poles are obtained by radially shifting the open-loop system poles toward the origin by a pole-
shift factor (0<  <1),i.e., 
    T(z-1)= =1+ …….+                                                                                                                          (A.5) 
The closer is to one, the smaller will be the control action. The controller parameters are obtained from the solution of 
the Aryabatta identify (A.4) and the control input uc(k) is obtained from (A.2). The switching action u is then obtained as 

u=                                                                                                                                                                                           (A.6) 

Where 2h is a hysteresis band and n is the turns ratio of the connecting transformer.   

REFERENCES 
[1] A. Ghosh and G. Ledwich, Power Quality Enhancement Using Custom Power Devices. Norwell, MA: Kluwer, 2002. 
[2] F. Z. Peng and J. S. Lai, “Generalized instantaneous reactive power theory for three-phase power systems,” IEEE 

Trans. Instrum. Meas., vol. 45, no. 1, pp. 293–297, Feb. 1996. 
[3] G. Ledwich and A. Ghosh, “A flexible DSTATCOM operating in voltage and current control mode,” Proc. Inst. 

Elect. Eng., Gen., Transm. Distrib., vol. 149, no. 2, pp. 215–224, 2002. 
[4] M. K. Mishra, A. Ghosh, and A. Joshi, “Operation of a DSTATCOM in voltage control mode,” IEEE Trans. Power 

Del., vol. 18, no. 1, pp. 258–264, Jan. 2003. 
[5] N. H. Woodley, L. Morgan, and A. Sundaram, “Experience with an inverter-based dynamic voltage restorer,” IEEE 

Trans. Power Del., vol. 14, no. 3, pp. 1181–1186, Jul. 1999. 
[6] A. Ghosh, A. K. Jindal, and A. Joshi, “Design of a capacitor-supported Dynamic Voltage Restorer (DVR) for 

unbalanced and distorted loads,” IEEE Trans. Power Del., vol. 19, no. 1, pp. 405–413, Jan. 2004. 
[7] H. Fujita and H. Akagi, “The unified power quality conditioner: the integration of series- and shunt-active filters,” 

IEEE Trans. Power Electron., vol. 13, no. 2, pp. 315–322, Mar. 1998. 
[8] F. Kamran and T. G. Habetler, “Combined deadbeat control of a series parallel converter combination used as a 

universal power filter,” IEEE Trans. Power Electron., vol. 13, no. 1, pp. 160–168, Jan. 1998. 
 
 
 
 
 
 
 
 
 
 
 


