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circuit with an LC filter at the primary side of the injection 
transformer. Here the DVR harmonic filter has an inductance 
Lf and a capacitance C. The inductance LT represents the 
leakage inductance of the injection transformer. The VSI
commutation losses are represented by the resistance Ri, the 
VSI pulse width modulation is given by the variable voltage 
source v0 = vdcU  where vdc is the VSI direct current voltage 
and U is the inverter commutating state. The current source is

is assumed to be an independent forcing function in the 
equivalent circuit [7]. 

Fig. 2. Equivalent single-phase DVR circuit with LC filter. 

The state space framework allows representing the DVR
behavior through a set of differential equations [9]. Defining 
the state vector xT = [i0   vc], a mathematical model describing 
the DVR dynamic behavior is obtained from Fig. 2 as,  
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The supplied or absorbed DVR voltage is,  

dt

di
Lvv s

Tcdvr
                   (2) 

The total voltage delivered to the sensitive load is, 
                     (3) 

dvr
vvv
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Or in phasor form,  

1.0 p.u. 
voltage

I

1v

2v
dvrv

1.0 p.u. 
voltage

I

1v

2v
dvrv

Fig. 3. Phasor diagram describing the single-phase DVR operation.  

Where v1, v2 and vdvr are the magnitudes of the supply 
voltage, load-side compensated voltage and the DVR injected 
voltage, respectively. Besides,  I, ,  and  represent the load 
current, the load power factor, the supply voltage phase angle 

and the advanced load voltage phase angle, respectively [9]. 

III. EXTRAPOLATION TO THE LIMIT CYCLE

The behavior of nonlinear components or loads can be 
described in the time domain by a set of ordinary differential 
equation (ODE) of the form, 

                      (4) ),( txfx

where x is a state vector of m elements xk. If a driving force of 
period T is assumed, then f(.,t) is a T-periodic vector.  In [5] 
details are given on the procedure to transform a nonlinear 
problem (4) into a variational Newton problem xtJx .
The extrapolation of the solution to the limit cycle is achieved 
with the recursive equation [5], 

                                   x = xi + C(xi+1-xi)                            (5) 

where,

C=(I- )-1                           (6) 

x    state variables at the limit cycle

xi    state variables at the beginning of the base cycle [5]

xi+1   state variables at the end of the base cycle

, C , I identification, iteration and unit matrix, respectively 

The solution of (6) implies a quadratic convergence process 
if  and C are updated for each evaluation of and linear 
for their single or partial iterative evaluation [5]. The matrix 

 is of 

x

n n  order, where n is the number of state variables. 
Usually J(t) can be analytically obtained, but this is not 
always the case, in special with highly nonlinear or 
commutated components. Alternatively  can be obtained by 
columns by the sequential perturbation of state 
variables , where is the column i of the unit matrix 
I. In this investigation a Numerical Differentiation method [5] 
was used for this purpose. 

ii ex ie

IV. SINUSOIDAL PULSE WIDTH MODULATING

In this paper the technique used for modulating 
programming was the sinusoidal PWM. In this technique the 
voltage control is obtained by varying the pulse width. The 
sinusoidal PWM is approximated by using an inverter control 
circuit in which a high-frequency triangular carrier waveform 
v , is compared against a sinusoidal reference waveform vc of 
the desired frequency. The crossover points are used to 
determine the inverter switching instants [10]. In Fig. 4 a 
triangular waveform is combined with a reference sinusoidal 
waveform to produce a PWM waveform, with the pulse width 
defined by the interval between successive intersections, see 
Fig. 5. These conditions were programmed in Fortran 90 and 
the results in the time domain displayed in Figs. 4 and 5 using 
the Compaq Array Viewer program. 

(1)
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Fig. 4. Control circuit waveform for a single-phase sinusoidal PMW 
inverter.  

Fig. 5. PWM inverter a.c. output voltage. 

In Fig. 5, the modulation index (also known as the 
amplitude-modulation ratio) is ma= 0.8 and the normalized 
carrier frequency (also known as the frequency-modulation 
ratio) is mf = 9. 

Fig. 6 illustrates the harmonic spectrum of the normalized 
carrier frequency mf. The harmonics in the ac output voltage 
appear at normalized frequencies fh centered around mf as 
[10]. 

h=lmf ± k   l=1,2,3,… 

where k=2,4,6,…. for l=1,3,5,…; and k=1,3,5,… for 
l=2,4,6,…
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Fig. 6. Harmonic spectrum of the PWM inverter a.c. output voltage. 

Time (seconds) V. CASE STUDY

Electric system with DVR 
The electric system illustrated by Fig. 7 contains one 
generation source, represented as a sinusoidal functions of 1.0
p.u. amplitude, one distribution line represented by the 
simplified R-L branch and an electric arc furnace. In the line 
distribution a DVR is installed for sag compensation produced 
by the arc furnace operation. The system is solved with the 
two numerical methods, e.g. the RK4 and the ND, 
respectively, using a convergence criterium of 10-10 p.u.
between successive estimations of x . Table I shows the 
results obtained. Appendix A.1 gives the network parameters. Pu

ls
es

, (
p.

u.
) 

Fig. 7. Test network 1. 
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The system dynamic behavior is represented by a set of 
four ODEs. The conventional RK4 method required 493 
number of cycles (NC) to reach the limit cycle, whereas the 
ND method needed 14. This represents the 3% of those 
needed by the RK4. In this case the VSI frequency was 960 
Hz.

TABLE I
Maximum errors during RK4 and ND solutions 

NC RK4 ND
1 2.218408E+00 2.218408E+00
2 2.371239E-01 2.371239E-01
3 2.379674E-01 2.379674E-01
4 2.360425E-01 2.360425E-01
. . .



4

. . .

9 1.963545E+00 5.116775E-02
14 1.272285E-01 2.582967E-11

100 6.057993E-03
200 1.147773E-04
300 1.221822E-06
400 1.306581E-08

.

.
.
.

493 8.474221E-11

Figure 8 shows the evolution in the time domain of the 
voltage at the DVR terminals. The ND method was applied in 
the fourth cycle. It is clearly evident the fast steady state 
solution obtained with the ND method and the DVR effective 
correction of the temporary voltage sag produced by the 
electric arc furnace operation. The plot was obtained using the 
graphic Compaq Array Viewer environment program from the 
Fortran program code of the RK4 and ND methods. The 
section of the program code is presented in Appendix A.2. 

Fig. 8. Behavior in the time domain of voltage at DVR terminals. 

The harmonic spectrum of voltage at the DVR terminals is 
shown in Fig. 9. It can be noticed the presence of third, fifth 
fifteenth, seventeenth and nineteenth harmonics, with 0.35, 
0.2, 0.18, 0.52 and 0.1 %, respectively. 

Fig. 9. Harmonic spectrum of voltage at DVR terminals. 

Fig. 10 shows the current waveform in the filter inductance. 
The ND method was applied in the fourth cycle. Fig. 11
illustrates the harmonic spectrum, e.g. 0.38, 0.25, 0.21, 0.9 
and 0.28 % of third, fifth, fifteenth, seventeenth and 
nineteenth harmonic, respectively.

ig. 10. Behavior of the filter current in the time domain. 
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VI. CONCLUSIONS

The graphic enviro ay Viewer program, 
ha

An electric system was solved with the RK4 and ND 
nu

Harmonic order

f filter current.

nment, Compaq Arr
s been applied for the interactive analysis of the time 

domain solution of distribution system containing DVRs. This 
graphic environment allowed the state variables to be 
displayed in a versatile manner from a Fortran 90 operative 
system. 
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merical methods in the time domain. Computer efficiency 
comparisons have been presented in terms of the numbers of 
periods (cycles) of time required by the RK4 and the ND 
Newton method, respectively.  The ND method required, on 
average, 3% of the total number of periods of time needed by 
the RK4 to obtain the periodic steady state solution. 
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rk 1 (in p.u.) 
     L=0.3, R=0.1 

01, LF=0.3, CF=0.4, LT=0. Vdc=0.5, RF=0.
 LH=0.1,  km1=0.004,    km2=0.0005,  km3=0

Fortran 90 program code of subroutine using the Compaq AA
Viewer program

he Compaq Array Viewer (fT
Windows application that dynamically displays array data.  It lets you view 
and analyze the array data graphically 

broutine plotting (step,cycles) su
!step number of  steps by cycle=5
!cycles is the number of cycles 

PLICIT NONE IM
!variable declaration

double precision, dimension(:,:)
integer:: i,j 
double preci
integer :: step,var_est, cycles, data, gr
integer :: status,vector=2,stat 

!d
open (unit=1, file='xn.dat', status
open (unit=2, file='y1.dat', status='unknown', action='read')    

!D
graf=1 
data=cy
allocate (D(graf,da
do i=1,data 
 read(1,*)D
enddo
lasttwo
do i=1,512 
 j=(lasttwo
 last(i)=d(1,j) 
enddo
do i=1,
 write(6,*
enddo

!D
call faglStartWatch(D, status)
print *, "Starting Visualization"
call faglShow(D, status) 
call favStartViewer(status
call favSetGraphType(status,vec
deallocate(D)
end subroutine 
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