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power system protection, digital estimation,
fast dynamically corrected measurement of power

Janusz SZAFRAN*
Eugeniusz ROSOLOWSKI**

DYNAMICALLY CORRECTED FAST ESTIMATORS
OF ACTIVE AND REACTIVE POWER
AND THEIR PERFORMANCE

Development of several fast estimators of active and reactive power is presented. The estimators
are considered from the point of view of the fast measurement of criteria values in power system
automation devices. The main idea of the method is dynamical correction of transients realized
thanks to recognition of fault instant and taking into consideration of post fault samples only. In the
case of reactive power it is possible to get unique transient response and to realize dynamical correc-
tion. Increasing filter window starting from fault instant allows to get better accuracy of estimation in
presence of noise. Having small noise it is possible to estimate the reactive power starting from one
sample and the active power from two samples of increasing data window. The functions of dynami-
cal correction can be calculated analytically or by using a digital simulation

1. INTRODUCTION

Protection and control of power system and its elements requires information con-
cerning many electrical quantities. Changes in the system structure, increasing number
and types of sources, many nonlinear elements cause distortion of voltages and cur-
rents extremely high in case of faults i.e. during operation of protection systems. De-
velopment of digital protection system must follow the changes causing fast and reli-
able recognition of abnormal states of system elements and the system itself. Digital
power system protection is a complex measurement and decision making device. To
make decision concerning protected element measured criterion values are used. Both
digital processes must be fast, safe and reliable.

* Faculty of Technology and Computer Science, Wroclaw University of Science and Technology,
Wroclaw, Poland, e-mail: janusz.szafran@pwr.edu.pl
** Department of Electrical Power Engineering, Wroclaw University of Science and Technology,
Wroclaw, Poland, e-mail: eugeniusz.rosolowski@pwr.edu.pl
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Synthesis of measurement algorithms is made assuming signal containing funda-
mental component of current and voltage as well as noise. The most popular algo-
rithms are based on estimation of orthogonal components of the signals [4], [5] and
Fourier technique. These can be realized using FIR filters which are especially simple
in design and application.

The problem of FIR filters is such that they introduce a delay equal the data win-
dow. The longer the window the higher the delay and possible solution is either short
or variable data window [3], [6], [8]. Short data window gives impaired frequency
response producing sometimes high errors of estimation due to noise. Variable data
window gives in general high computational burden.

The solution presented in the paper uses variable data window, however, with
small computational burden thank to dynamical correction. As usual we must recog-
nize fault instant but later we realize transient which is unique and fault independent.
Estimator works very fast in few samples increasing accuracy with time until steady
state is reached in time equal to filter window. During transients one coefficient only
must be used to realize mentioned dynamical correction.

2. FUNDAMENTALS OF POWER ESTIMATORS

Let us assume that voltages and currents can be presented in the form of complex
model 0 0:

x(k) = x, (k) + jx, (k) = X exp(j(k S+ B)) (1

2 .
where: $=0,T, :Fn’ @, — frequency of fundamental component, 7; — sampling pe-
1

riod, N; — number of samples in one period of fundamental component: 77 = 21t/ @;.
Assuming that imaginary part of the signal (1) is observed, voltages and currents
are given by the equations

v(k) =V sin($k + )
i(k)=1sin($k + f— )

)

Fundamental electrical quantities especially active and reactive power, voltage and
current magnitudes as well as impedance components and frequency can be measured
using orthogonal components voltages and currents (real and imaginary part of the sig-
nal (0). The components can be calculated processing signals by Fourier digital FIR filters.

The model (1) is useful to analysis and synthesis of mentioned above estimators of
fundamental electrical quantities being also protection criterion values.
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Estimators of power can be found analyzing following equations:

(P()+ JOU)expj9m) == (k) (k) 3)
PG+ 30U exp(—j 9m) = (v(k = m)i' (&) @

where: m — number of delay samples, * — denotes conjugate value.
Voltage and current in (3), (4) have the form of (1) and their components may be easy
estimated by application of non-recursive filters:

M-1
v(p)= ) h.()v(p—i),
P zo d p forp<N,

)
N, forp > N,

vt where M ={
v (p)= D h(W(p-i),
i=0

for voltage and similarly for current. Impulse functions in (5) can be selected to
modify the filters characteristics. In so called Fourier algorithm [6] these functions
have the cosine, sine form, e.g.:

h.(i)= Nicos((i +1=N)9), h(i)= Nisin((z‘ +1-N))39) (6)

1 1

The constant 2/N; is the scaling coefficient to determine the proper values for esti-
mated signals (5) in steady-state (for full-period window width).

Substituting voltages and currents in the form (1), adding sides of the equations and
rearranging one can get four following equations describing estimators of active and
reactive power:

_ m(n ()i, (k — m) v, (k — m)i. (k) (7)
_ m(v‘v (K)i, (k= m) =, (k —m)i, (K)) 8)
- m(m (i, (k= m) = v, (k= m)i, (k) ©
:m(\; k=i, () =v, ()i, (k—m)) (10)
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The equations above represent algorithms of power measurement assuming identi-
cal window, usually full cycle of fundamental component, of orthogonal sine, cosine
filters .In the last equation such orthogonal filters are not necessary, instead we can
use any identical filters including IIR. Introducing delay allows to get some variants of
the algorithms. Sometimes it must differ from zero.

The algorithms, in general give the accurate value when all samples of measured
signals appear inside filters window, simple it give accurate steady state value. On the
other hand when these measured values are applied to control and protection systems
they work during dynamical conditions. Simply because of either control action or
because of faults currents and voltages change rapidly. In such cases signals include
samples of voltages and currents before and after fault. Measure values are wrong
until inside the window appear all samples after the fault. The solution can be shorter
data window, however, it is necessary to recognize fault instant. But remain the prob-
lems of greater errors due to noises for shorter windows and orthogonality for any data
window length.

These disadvantages and algorithms complexity can be avoided using dynamical
correction. To realize the idea two things are necessary: to recognize fault instant, as
mentioned before and to develop algorithms having measured values independent on
initial phase shift of voltages and currents. The first thing allows to put into the win-
dow the signal after the fault only assuming zero signals before, i.e., simply giving
always the same zero initial conditions.

On the other hand introductory calculations and tests of algorithms (7)—(10) proved
that phase independent transients have both algorithms of reactive power. Both of
them will be analyzed and tested below.

3. FAST DYNAMICALLY CORRECTED POWER ESTIMATORS

3.1. REACTIVE POWER ESTIMATORS

As it was written the two reactive power estimators are initial phase independent as-
suming zero initial conditions. Simpler, in general seems to be the forth one from (7)—10).
This requires two identical filters, one to current and the second to voltage and two simple
samples delay. The filters can be arbitrary chosen: sin, cos, low pass, no filter as well
as any arbitrary [IR filter. On the other hand the second algorithm requires four or-
thogonal filters so has greater computational burden but signal delay can be avoided
so could be one sample faster.

1

:m(vf(k—m)if(k)—vf(k)zf(k—m)) (a1
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The estimators operate in dynamical conditions when measured criterion values
of signals parameters change rapidly. To find dynamical features of the estimator
let us assume that at the instant p equal to zero the input signals of the filter F are
voltage and current given by (0. Signals v(p) and i(p) can then be described as
follows:

v(p) =1(p)v(p); i(p) =1(p)i(p) (12)

1 for p> 0}

where: 1(p) = {O for p<0

If the filters had zero initial conditions then their output signals are given by the equa-
tions:

v, (p) =V (a(p)sin(Ip + ) = b(p)cos($p + B))

(13)
i, (p)=1I(a(p)sin(9p+ B—p)—b(p)cos(Ip + - 9))
p-1 p-1
where: a(p) = Zh(i)cos( 9i), b(p) = Zh(i) sin (97) , h(i) — filter impulse function.
i=0 i=0
Substituting (13) to (11) one can get:
0=0(p)T(p) (14)
where O = %VI sin(¢).
T(p)=a(p)a(p—m)+b(p)b(p—m)
(15)

+(a(p)b(p —m)—a(p —m)b(p))cos(mI)/ sin(m3)

Function 7(p) does not depend on initial phase shift of the signals. Functions a(p),
b(p) can be determined analytically for a given filter impulse function. Assuming
h(i) = h.(i) (6) one obtains from (13):

sin(2p9) + psin29
a(p)=SELAL
2N,sin 4
sin’(p9) — psin* 9 (16)
b(p) =L

N,sin 9

Substitution (16) into (15) after some simplification yields the following relation:
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1 .
T(p)=v(k(1—m)+

1

1 . . . .
m(ksm((j—m)&’)sm((]+1)8) (17)

—(j—m)sin(k9)sin((k —m+1)9))),

where:
k_{p for p<N, ._{p for p <(N+m),

T(p)=0 for p<m,
N otherwise, N otherwise, (P) P

Since the function is unique it is possible to make dynamical correction of the es-
timator (11).

Combining equations (11) and (14) one can get dynamically corrected estimator of
reactive power:

1 . .
O(p) =57 (v (P =i (p) =y, (P (p = m) (18)

The function 7(p) depends on the filters used only and for any arbitrary filter can be
either calculated according to (17) (or similar relation obtained for other applied filter)
or found by numerical simulation. The structure of reactive power estimator is shown
in Fig. 1 and responses of reactive power estimators for full-cycle non-recursive co-
sine filters: uncorrected and corrected according to (18) (with applied delay m = 5 and
N, = 64 samples/period) are shown in Fig. 2. It can be seen that in fact (17) represents
two-parts function with division point for p = N;.

p=0
|
(k) ¥: v(p) - Vf(li)
! I ve(p—m)
W i [ i) - A
ir(p-m)
[ Z—m »

Fig. 1. A structure of reactive power estimator

Similar to described above dynamically corrected reactive power estimator can be
obtained using sine, cosine orthogonal components and (8). Assuming for instance
delay m equal to zero one can get:
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0 =2 (I (B) =, () (0) (19)

In this case instead of any filter we use a pair of orthogonal filters, however, a de-
lay can be avoided.

1.2

o
)

i

<
~

reactive power O, pu

<
o

(=}
(=)}
-_——rr————1 ===

0 0.5 1 1.5 2 2.5
periods from p =0

Fig. 2. Time responses of reactive power estimator: 1) typical uncorrected,
2) dynamically corrected; delay m =5, N = 64 samples/period

The structure of this reactive power estimator is shown in Fig. 3. It is seen that we
must use zero initial condition of a pair of orthogonal filters identical for voltage and
current and having the same increasing window. The procedure starts when fault has
been recognized — see (12). Now the signals can be written similarly to (13) in the
form:

v.(p)=V(a.(p)sin(Ip+ B)—b.(p)cos(Ip + B))

v(p)=V(a,(p)sin(Ip+ B)—b,(p)cos(9p + B))

(20)
i.(p)=1(a.(p)sin(Ip + f—p)=b.(p)cos(Ip + f-p))
i,(p)=1(a,(p)sin(Ip + B~p)~b,(p)cos(Ip+ B~ ))
p-1 p-1
where: a,(p) = Zhn (i)cos(Hi), b,(p) = Zh,, ()sin( %) , n — means c or s, adequately,
i=0 i=0

and h_(i) = Acos(9i), h, (i) = Asin(%i), A=2/N,.
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Substituting (20) to (18) one can obtain:
0=0(p)T(p) (21)

where: Q=§V1sin<¢>, T(p) = a,(p)b,(p) - a,(P)b.(P).

Function 7(p) does depend on initial phase shift of signals just allowing for dy-
namical correction as before:

0 _v(pi(p)=v (p)i(p) (22)
T(p) 2T(p)

o(p)=
7o v.(p)
] :
v(k) *v(p) N
l E o %

|

|

ih yip) [

s (p)
L hs —»

Fig. 3. A structure of second type of reactive power estimator
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~

reactive power Q, pu

e
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0 0.5 1 L5 2 2.5
periods from p =0

0

Fig.4. Time response of second type of reactive power estimator:
1) uncorrected, 2) dynamically corrected;
standard full cycle Fourier (cosine/sine) filters in both cases, N = 64
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The function 7(p) depends on the orthogonal filters used and for any filters used
can either be calculated or found by numerical simulation. Responses of estimators
with dynamical correction and without it applying non-recursive full cycle sine-cosine
filters are shown in Fig. 4.

3.2. ACTIVE POWER ESTIMATORS

Such simple results cannot be obtained for remaining estimators of protection cri-
terion values. Time response always depend on initial phase shifts and the response is
not unique and it is impossible to find a function similar to 7(p).

However, the worked out estimators can be used to estimate the active power very
simple. To do that one of the signals of reactive estimator (voltage or current) must be
changed. It is enough for instance to introduce the phase shift of n/2 to current. Such
shifting means of course the delay of certain number of samples and estimation time in-
creases, however, that time can be limited to single sample. The phase changing on /2
can be obtained if, for instance, the signal is processed according to the equation [2], [7]:

i(k—n)—i(k)cos(In)

] = 2
fa(6) sin($n) (23)
=0
I
v(k) * _v(p) v(p)
I o] F L
[ vr(p—m)
| I e
o ' j = P(k)
L(k, el y_1a(p) - ldf(p;
u® i (p-m)
n samples » " P

Fig. 5. A structure of active power estimator

A structure of active power estimator is presented in Fig. 5 where O estimator
would be anyone of two described before. Time response of active power estimators
using dynamical correction with delay m = 5 samples and # = 10 samples for intro-
ducing the phase shifting according to (23) is presented in Fig. 6b). The applied cor-
rection function is the same as in (17). Selection of the introduced delay samples:
m and n will influence on the frequency response of the final algorithm, however, it is
seen that it is possible to get one sample of additional delay only. For comparison with
the standard algorithm (7) Fig 6a) presents result of active power estimation without
correction during transient period. Shaded area shows changing of the response for
different initial phase.
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Fig. 6. Time responses of active power estimators: a) applied the first algorithm
of active power estimation, b) applied the second algorithm; 1 — typical uncorrected,
2 — dynamically corrected; Ny = 64 samples/period, n = 5 samples, m = 10 samples

5. CONCLUSIONS

Several methods of fast estimation of reactive and active power have been pre-
sented in the paper.

Thanks to recognition of fault instant it is possible to take into account post
fault samples of signals only.

Such separation of pre fault and post fault samples allows to obtain unique,
phase independent transients of estimation process i.e. before steady state of
filters and estimator.

These unique transients have each, any, reactive power estimator. Some of them
apply orthogonal filters the other arbitrary FIR or IIR filters.

These leads to the idea of dynamical correction using function which can be ei-
ther calculated or obtained from digital simulation.

Since the function depends of sampling frequency it is possible to keep in
memory pre calculated or pre simulated values.

Active power estimator can be realized using adequate delay of current signal to
get phase shift of minus 7/2.

If noise level is small it is possible to get active or reactive power in two sam-
ples.

In presence of noise it is possible to match responses of the filters to get given
accuracy of estimation in given time.

Development of estimators of the other protection criterion values and their per-
formance tests will be realized soon.
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