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Abstract - This paper describes the use of wave digital filters tool for a complete simulation software package. A brief 
in real-time digital and hybrid power system simulation, description of wave digital filters is performed, and typical 
emphasizing protective relays and HVDC / FACTS control applications are shown, 
equipment testing. Practical results are shown, confirming that 
wave digital filter methodology is an adequate tool for studying 
power system electromagnetic transients. 11. THE NEED FOR REAL-TIME SIMULATION 

The use of generic simulation programs running in 
general-purpose computers has become a largely accepted 
alternative for studying electromagnetic transients in power 
systems [2]. However, there are situations where actual 
equipment must be tested under similar conditions to those 
found in power systems. Thus, real-time simulators and 

evaluation analysis [3]. 
Particularly, operation of protective relays becomes more 

critical when transmission voltage levels above 500 kV are 
involved, because any misfiring can present very high costs. 

Even the possibility of running off-Iine programs and 
reproducing the voltage and current waveforms in real-time 
for testing relays is not a completely reliable tool, for the 

these phenomena cannot be foreseen in simulation programs. 
However, performance evaluation of protection systems has 

proved to be best acheved using statistical approaches. The 
lines to be studied, fault inception angles, fault positions, 
switching operations and configurations are parameters that 
can influence the performance of relays. Then, digital 
programs can be used for a preliminary selection of cases, 
among a great number of network disturbances, to obtain a 
reduced scope for real-time actual equipment testing [4], 

Other important applications for real-time simulators [5] 
include training for both protection and operation people, as 
well as development and tests of HVDC and FACTS control 
systems. 

I. INTRODUCTION 

Among the major applications of real-time power system 
simulators are studies involving specification, design 
verification, pre-commissioning and performance analysis of 
protective relays and equipment based on power 

systems and FACTS devices. 
Recent developments of computers have led to an ever 

increasing use of digital technology into former analog real- 
time simulators, allowing the construction of more powerful 
hybrid parity simulation structures and even fully digital 
machines dedicated to power system simulation. 

Therefore, the study of alternative digtal signal processing 

semiconductor techology, such as HVDC transmission digita' Programs each Other for a 

methodologies is an impOrtalnt task in the search of more tripping Of a can influence the Operation Of Others, and 

efficient algorithms and procedures. 
Ths paper presents the main aspects concerning the use of 

wave digital filters (WDF) [l]  for real-time digital power 
system simulation. Wave digital filters transform analog 
networks into topologically equivalent digtal filters, and such 
feature makes them a powerful technique for simulating 
power system transients. WDFs can be applied both as a 
building block for a hybrid parity simulator and as a basic 

This paper has been presented at the First 
International Conference on Digital Power 
System Simulators - ICDS '95, College 
Station, Texas, U.S.A., April 5-7, 1995. 

111. HYBRID SIMULATION 

Digital simulation of analog circuits is a well explored 
subject [6,7]. However, real-time hybrid simulation requires a 
detailed analysis of specfic subjects. In this type of 
simulation, some parts of the power system are represented by 
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digital computers while others are represented by analog These Merent waveforms result from the delay effect, for 
circuits or include actual protective devices or control the resistor implementation becomes v(t)=R*i(t-AT). Then, it 
equipment. can be shown that R/r is the pole of the transfer function v(z) 

The basic constraint concerning such implementation is / e(z), and when the pole stays out of the unit circle, the step 
caused by the delays of the digital processing, when referred response becomes unstable. 
to the analog world. These delays are caused by the analog to In fms particular case, the influence of the delay is directly 
&gtal (AD) and digital to analog @/A) conversions, as well related to the ratio between the simulated resistor R and the 
as by the digital processing itself. In some conhtions, equivalent resistance of the external circuit r. However, in 
numerical instabilities may arise [SI. most cases, where inductors and capacitors are also included, 

It is important to stress that even if a digml program the value of the total delay AT is also a major factor to define 
succeeds to reach real-time operation, the same interfacing stability. 
problems will arise if an actual equipment is connected. Since we aim at a general purpose real-time simulation 

To enlighten the problem, a basic case is shown - the system, stability must be assured independently from any 
digital simulation of a resistor together with the Thevenin external analog circuit connected. To achieve that, an 
equivalent of a physical circuit. The resistor is represented as electronic circuit has to be implemented to maintain a time 
a voltage source v(t), calculated by the computer or &@tal coherence between the digital and analog sub-systems. 
signal processor (DSP), from the current i(t) measured across 
the circuit, according to the equation v(t) = R * i(t). The 
scheme is shown in fig. 1. 

IV. WAVE DIGITAL FILTERS 

A. Basic Characteristics 
r r;"~ 7 i(t) ............... 

D; The wave dgital filters methodology was designed to 
attain low-sensitivity structures to quantization errors and 
their synthesis is based on the wave network characterization. 
Every WDF can be considered as a digital model of a 

Fig. 1 - Digital modeling of a resistor, with an analog circuit. reference circuit, according to the set of wave equations. 
Due to their main characteristics, wave digital filters are a 

In fig. 2, the circuit in fig. 1 is simulated for different natural implementation for the operational simulation of 
ratios R/r, for a voltage step at e(t). The step values are electric circuits. Measurements of any desired node voltages 
adjusted at each case, so that the voltage v(t) is always 1 pu. and branch currents are available, due to the topological 

relationshp between the origmal circuit and the wave digital 

Implementation of switching circuits and non-linear 
circuits is also more natural, without need for successive 
reevaluation of the transfer functions. These are fundamental 
items to reach the speed requirements for real-time 

Furthermore, for real-time hybrid simulation, the structure 
of wave Qgtal filters presents a solution for the complex task 

R / r = 0 . 1  R / r=0 .5  , ,  of interfacing &@tal and analog systems in real-time 

i 
. . . . . . .. . . . . . . . . . . . . . . 

I 1 filter. 

0 0 

0 0 

I 1 simulation. 

1 ' 

operation. 

B. Implementation 

An analog n-port electric network can be described by the 

{tk T: +Rk'k } k = 1 ... n . 

set of equations 

51 51 k - k -Rklk 

R / r =  1.0 R / r =  1.1 

Fig. 2 - v(t) in fig. 1 for different ratios R / r. 

The parameters Ak and Bk are respectively called the 
incident and reflected wave quantities, and Rk is the port 
resistance. The wave representation is valid both for the time 
and the frequency domains. 
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If two ports i and j are connected, it is necessary that Ri = 

same port resistance to assure the wave flow continuity. For 
d l  other cases, Rk can assume any arbitrary value. 

of analog elements such as impedances (R, sL or l/sC), 

For the serial adaptors, I, = I, = I, and VI + V. + V, = 0 , 

Using the incident and reflected waves equations, 
A ' for the series adaptors' and 

B = ( Mp - I ) A , for the parallel adaptors, where 

Rj so that Ai = Bj e Aj = Bi. Ports present the while for the parallel, VI = V, = V, and 1, + 1, + 1, = 0 . 

The synthesis of WDFs is based on the digital realization * = ( I MJ 

ms, ms, ms, 

from the wave characterization of the element, and from the Ms = ms2 ms2 mS2 

independent voltage and current sources, and series and 
parallel interconnections. The digital realization is derived 

bilinear transformation which maps a continuous system in s 
to a discrete system in z according to 

! ms3 ms3 ms3 

2Rk . 
9 msk = R, +R, +R, ' 

2 1-2-' 

2Gk 
s=-*-- 

AT 1+z-' ' 
As a result, the reflected wave quantities are expressed as ' m p k =  G, +G, +G, 

functions of the incident wavc quantities. The basic WDF 
implementations for impedances are shown in fig. 3. 

ANALOG ELEMENT REALIZATION by WDFs 

Fig 3 - WDF realization for impedances. 

If one of the port resistances can be arbitrarily defined, for 
example, R2 = R1 + R3 (or G2 = G1 + G3), the port 2 of the 
adaptor is said to be reflection-free. In these cases, the value 
of B2 will not depend on the value of A2, since ms2 (or mp2) 
is equal to 1. The symbols for the adaptors are shown in figs. 
5 and6. 

8 3  A3 

R3 
I I -4 B1 --c- 

, TR3T , 

Fig. 5 - Symbols for basic and reflection-free series adaptors. 

C. Adaptors 

The same approach can be extended to the port 
interconnections. The ports are connected through adaptors, 
and each adaptor presents three ports, with resistances R1, R2 
and R3, and wave vectors A and B , such as A1 

B1 

B = [ B 1  B2 B3IT and A = [ A l  A2 A3IT. 

83 A3 

U 
Fig. 6 - Symbols for basic and reflection-free parallel adaptors. 

V. INTERFACING WDFs WITH ANALOG CIRCUITS The series and the parallel interconnections are shown in 
fig. 4. 

I I 

V I  R 1  R 2  
---B 1 A2- 

-75- 

WDFs synthesis assumes instantaneous relationships 
among voltages and currents, implemented by the port 
resistances and the adaptors. 

The interfacing on any WDF port is defined by the 
reflected wave B = V - R I, and by the port resistance R. If an 
external analog circuit is connected to a WDF port, the 
resistance R of that port should be chosen to assure reflection- 
free. 

c B 1  A.24- 

G3 

134 I 4 
v3 
f- 

Fig. 4 - Series and Parallel Interconnections. The external analog circuit will present to the WDF the 
incident wave A = V + R I, that will be used by the digital 
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processor implementing the filter to calculate the value of B 
only for the next time interval, due to the reflection-free port. 

In fact, the processor has no direct access to the value of A, 
and the external circuit does not provide it as a physical 
quantity. However, the values of V and I can be measured, 
and the port resistance R is known. Then, it is possible for the 
processor to calculate A. This calculation can be simplified, 
for A may also be obtained from the voltage V measured at 
the external circuit, and from the reflected wave B generated 
by the program. 

Since 
B = V - R I  (l),and 
A = V + R I  (2); 

Rd+Ri 
DSP 

External External 
b l  b analog 

circuit 
#I 

I I 

Fig. 8 - Two-port interfacing. 

It can be shown that this implementation is equivalent to 
physically keep an instantaneous relationshp between the 
ports, maintaining numerical stability. 

from (1) and (2) 3 A = 2 V - B .  VI. TYPICAL APPLICATION EXAMPLES 
Therefore, for each reflected wave B generated by the 

digtal filter at every time Step AT, the external andog Circuit A typical WDF-based real-time simulation of a voltage step 
Will inStantaneOUSly provide new Values for the Voltage v and applied to a transmission line will be shown, The 
the current I. These new Values will define the incident Wave transmission line itself is represented by 7c sections, as shown 
A to the filter for the next time step. in fig. 9, where the following parameters are assumed: 

The connection scheme is shown in fig. 7. Ls=Lr=O.4H ; L = I . O H  ; C=20pF  ; 
Rs=Rr=O.I  .Q ; R =  10.O.Q 

Wave (digital digital program) filter 

fi”b;i7 
Fig. 9 - Line model using x equivalents. 

B 

A f 2*V-B 

circuit 

Fig. 7 - WDF connection to an extemal analog circuit 

The port resistance that provides a reflection-free 
characteristic forces the WDF to present to the external 
circuit its own Thevenin or Norton impedance, resulting from 
the bilinear transformation. 

For the one-port case, the calculation of the port resistance 
is straightforward, because it depends only on filter internal 
parameters. But if two ports are connected to extemal analog 
circuits, there is no way to calculate an exact value, because 
each port resistance will vary according to the filter internal 
parameters and also to the external circuit connected to the 
other port. 

Once we aim at a general simulator, that can be connected 
to any external circuits, we define an arbitrary resistance for 
one of the ports, say Rd. The second port resistance will 
depend on Rd and on the internal filter parameters, to provide 
reflection-free characteristics. 

The interface implemented €or each port will be a voltage 
source b depending on the voltages at both ports, as shown in 
fig. 8. 

The WDF implementation for the transmission line model 
in fig. 9 is shown in fig. 10. 

Rr 

Lr 

Fig. 10 - WDF implementation for transmission line. 

The parameters for the WDF implementation are 
calculated as follows: 

G11 = l/(Rs+2*Ls/AT); G13 = 2*C/AT; G12 = GI 1+G12 
R21= 1/G12; R23 = R+2*L/AT; R22 = R21+R23 
G3 1 = 1m22; G33 = 2*2C/AT; G32 = G3 1+G33 
R41= 1/G32; R43 = R+2*L/AT; R42 = R41+R43 
G51 = 1/R42; G52 = 2*C/AT; G53 = 1/(Rr+2*Lr/AT) 

The same circuit can be used to prove the potential of wave 
digital filters for real-time hybrid simulation, using the 
scheme shown in fig. 11. A lgital  processor implements 
parts of the line, and physical components for Rr, Lr and C 
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Fig. 11 - Hybrid simulation scheme. 

Shunt The real-time simulation is performed with a time step of Capacitor + 

'Ith 13th ---I ?""P+'.iI 50 ps. The results of the voltage in the middle of the line are 
compared to those of an EMTP simulation run, and they are 
quite similar, as shown in figs. 12 and 13. "'Fi!:" --F@ +' t 

are connected to the DSP through A/D and D/A converters, 
according to the drawings in fig. 7. 

Another important application of wave &@tal filters for 
hybrid real-time power system simulation is the design and 
operation of HVDC transmission systems, as shown in fig. 

connected to the actual HVDC control system. The filters are 
represented by a digital signal processor (DSP) implementing 
the wave filter code, based on a time-steep of 33ps. Voltage 
and current values are exchanged between the filters and the 
analog system through A/D and D/A converters. The results 
cannot be distinguished from those obtained when analog 

I 
14. The analog models for transformers and valves are 

DSP 

-- B42 
T-+$T 

I 
f-- A42 

I analog components simulate the filters. 
i components 

0 0.05 0.1 0 15 0.2 

time (s) 

Fig. 12 - EMTP Simulation. 

REAL-TIME SIMULATION 

I 
a on 0 05 0 10 n 15 0 20 

time (s) 

Fig. 13 - WDF-based real-time simulation. 

Fig. 14 - HVDC transmission system hybrid simulation study. 

WI. CONCLUSIONS 

The use of wave digital filters provides an adequate tool for 
developing digital power system simulation software. 
Besides, this technique suits both purely digital simulation 
and hybrid real-time simulators 

The methodology allows fast processing implementation, 
and also provides a solution for interfacing digital programs 
to external analog circuits in real-time parity simulators. 

Furthermore, the possibility lo simulate electric sub- 
systems is important not only for parity simulators, but also 
because transmission lines decouple the different subsystems 
[ 91, avoiding delay problems and enabling parallel processing 
structures. 

The examples shown prove the potential of the use of wave 
digital filters in real-time power system simulation. However, 
much effort still have to be employed to take full advantage of 
this technology. 
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