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The objective of this thesis is to develop a computer algorithm for implementing a

frequency relay. The aJgorithm aims to track the frequency ofpower system more accurately

and faster than a conventional method. The modified Discrete Fourier Transfo¡m technique

has been tested with typical power system conditions on a Unix workstation, and it wo¡ks

very well to signal undergoing frequency swing, comrpted with harmonics and ¡andom

noise, shifting phase, as well as sudden dropping its voltage magnitude. However, the input

signal for the new method has to be anti-aliased and limited to 10 Hzlsec for its rate ofchange

of frequency.

Abstract
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Chapter 1-.

1.1. Objective

Introduction

With the increasing complexities of modern power systems, a more accurate and

faster protection scheme is needed. It is thus the objective of this thesis to present a computer

relaying algorithm to implement a frequency relay, which will accomplish the above goal.

L.2. Problems

Conventional electro-mechanical frequency relays are still in operation on many

power systems. However, due to the rapid development in computing processor technology,

digital frequency relays are gradually replacing the conventional ones.

Many algorithms have been used to detect the system frequency, among these,

zero-+rossing and Discrete Fourier Transform (DFI) are the two most popular techniques

which engineers prefer. The zero-crossing method obtains the frequency by calcuiating the

inverse of the measu¡ed period. However multiple--crossings, caused by the presence of

noise and harmonics, affect its accuracy. Filtering alone cannot solve the problem without

significant time delay in the response.

Although many ideas have been pubiished based on the DFT algorithm to obtain rhe

system frequency by measuring the voltage or current phasors, no single one seems to be

satisfactory. They either faii to substantially reduce the delay time, or do not test the

algorithm thoroughly with rypical power system operating conditions. Consequently, a

rather simple algorithm will be developed for a frequency relay. The algorithm is to be tested

under typical system operating conditions as suggested by Manitoba Hydro.

1



1.3. Scope

In this thesis, we are going to investigate a computer algorithm for implementing a

frequency relay which will detect the system frequency. We flust discuss the background of

the development of digital relaying. Secondly, the theory of the DFT algorithm and how the

system voltage inputs are sampled is explained. Thirdly, we will then deal with all of the

typical test signals and methods to create time-varying frequency signals. Founhly test

¡esults and considerations on ha¡dware and software implementation will be discussed. The

final chapter will be the conclusions.



Chapter 2. Background

2,L. A Power System Protection Scheme

A power protection system [1] [2] basically consists of th¡ee subsystems:

1. Transducers (T)

2. Relays (R)

3. Ci¡cuit Breakers (CB)

Transducers provide the inputs in the form of voltages and cu¡rent signals to the

relays. Relays a¡e the devices which sense a fault and energize the circuit b¡eakers to open

the contacts in order to isolate the fault. circuit breakers disconnect the appropriate lines

during the disturbances in o¡der to prevent total collapse of the system. Fast and accurate

elimination of a fault requires correct operation of all of the three subsystems.

Figure l. A Power Protection System

R



Figure (1.) shows a power prorection system for the transmission line 1_2. Two

identicai protection systems, enclosed by dotted lines, are rocated at both ends of the

transmission line.

According to Warrington,s sunìmary [3] I4l, the general requirements of a relay are:

1. The relay should operate and respond to the type of fault which it is intended

to protect against, and not for any olher conditions.

2. The relay must be immune from Íansient effects, such as, a drop in voltage,

peak currents, di¡ect cur¡ent components, harmonic content and noise,

3. The relay should have a range of adjustment to permit it to operate selectively

with other relays.

4. The construction of the relay must be simple and accessible, so as to facilitate

testing and regular maintenance work.

5. The construction should allow easy modifications to meet unusual conditions

of temperature, humidity, vibration, mechanical shock, etc.

2.2. Development of Digital Relaying
The conventionar electromagnetic relays have been used in the power system

schemes for decades. Despite the fact that the idea of the digital relay was introduced by

some experts in late 1960's, it was not until several years ago that the imprementation of
digital relays became cost effecrive as well as rechnologically feasibre. since the i960,s, the

cost of ha¡dware processors has been substantialry reduced and many algorithms have been

proposed. The combination of rapid development in both computer hardware and softwa¡e

makes it now possible to manufacture digitar rerays commercia y. computer relaying is
going to conu-ibute to a[ aspects of real time monitoring and con*or of power systems.

Figure (2.) shows a simprified digital relay configuration [5]. Anarog three-phase

voltage and current signals are acquired through transducers such as current Eansformers or



capacito¡ voltage transformers. The input signals a¡e filtered with anti-aliasing filters.

Analog-to-digital converters are then used to sample those quantities simultaneously,

corìverting the analog signals to digital signals. The digital compì.rrer imports the samples

and makes decisions according to the algorithm. The results are sent out from the processor

1o the control center and breaker a¡e tripped if necessary.

Voltage &

Current

Fígure 2. A Digital Relay Configuration

The microprocessor based devices, which are usually installed in substations, a¡e

constantly processing data ¡eceived from the power system. It has functions of monitoring

and control. The digital relay is considered to be a measuring system which computes rhe

input data and makes a decision according to pre-set criteria. Digital devices a¡e also more

¡eliable because of the digital equipment's selfliagnostic ability.

5
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A conventional relay is usually designed to detect a specific fault in the power

system, and cannot dynamically switch ro anothe¡ type of relay. With a digital computer,

many types of relay algorithms are stored in the processor's memory and hence,

multi-function parallel processing of adaptive algorithms on the digitized signals is

possible. However, this thesis will only deal with one algorithm for the frequency relay.

The normal operating frequency of a typical power system is 60 Hz (50 Hz in some

countries) and it deviates when there is a generation-load unbalance. overfrequency occurs

if the system is underloaded and underfrequency if overloaded. Frequency relays detect any

frequency deviation and, if necessary, disconnect load blocks in order to restore the system

to a balanced condition and hence prevent the total collapse of the system.

A ftequency relay is panicularly more useful than an impedance relay during apower

swing.This is because the impedance seen by arelay may fall to a lowvalue during the power

swing, even if no fault occurs, causing false tripping.

With an appropriate algorirhm and design, a digitai frequency relay has the following

advantages ove¡ a conventional relay: g¡eater economy, better performance, and greater

reliabiliry and flexibility.

Accuracy and speed are the two most important criteria for a relay algorithm. Since

the frequency information is to be used in a feedback control loop in the power system, the

delay time has to be minimized. Accurac¡ however, cannot be compromised for security.

2.3. Mathematical Basis of The Fourier Series

The Fourier Series is one of the most commonly used algorithms in computer

relaying, because it provides a technique for extracting fundamental and harmonic

frequencies of incoming signals. The natu¡e of these fundamental and non-fundamental

frequency signals has an important bearing on the performance of relaying algorithms.

6



The input signals of relays encountered in power systems, such as phase voltages,

are essentially periodic and the ideal frequency of rhe sysrem in steady srare is 60 Hz16ll7l.

A voltage signal r'(¡) is periodic if there exits a r such that

í(t) = ¡1¡ar), ; for all t

The fundamental period 1o of the voltage signal is the smallest positive value of r such that

(1.) holds. The fundamentai frequency ø, is defined by

2rt(Ðo = 
-Ío

Any finite sum of the form

/È¡ú_1

d¡) = 2cr¿r'¡
Þ0

where Q, C1. C2. .... C¡ are constant coefficients

í(t) = ¿oa ¿, et@J + Cz dbJ + ..... . + C¡v d(N-rþt (3.)

will be periodic with fundamental frequency ¿;, . A Fourier analysis aims to decompose an

arbitrary periodic signal into spectral components as in equation (4.). The Discrete-Time

Fourier T¡ansform is represented by the following equation.

(1.)

where N is the number of samples taken over one period

T is the sampling period

i is the integer number ( NOT a complex constant here)

j is the complex constant of fT

7

,ry-l

í(ø) = )vGT) e-iit"r
È0

(2.)

(4.)

(s.)



2.4. Digitized Sample Signal

If we take N samples of a continuous signal v@ at interval of r seconds to form a

finite duration discrete-time signal as shown in Figure (3.)

Figure 3. Digítízed Samples

with l[n]=¡1nV; forO<¿<N-i

The finite description ofthe transform is a sampledve¡sion ofthe Discrete Fourier Transform

(DFI):

where O. is the fundamental frequency of discrete samples.

å is the harmonic order.

8

tv-1
í(hfJ,ù=>v(iT)e-ihie.r

i=0

(6,)

(7.)



We a¡e interested he¡e in the simplest form of the Fourie¡ algorithm, which extracts

the fundamental frequency phasorfrom samples ofa periodic signal over a periodorless than

a period. The discrete correlation of samples of a reference sinusoid and cosinusoid with the

input signals is called Disc¡ete Fourier T¡ansform.

Consider an ideal sinusoidal voltage signai of frequency ¡

i(t)=si^12ú"*r,

where f is the frequency in Hz

Q is an arbitary phase angle.

The signal is sampled at a rate of N times per cycle of 60 Hz (/) waveform. The

period of the sampling rate is

1

fl'l

The sample set { ü ) at window t would be

k
,J,= S, t

./- sin(7:rf6i + þ)
¡=,t-¡ú+l

k 
"-# = t .¡¡-'¡ ¡ 6¡'z-

i=&-/f+t 
'N

The DFT of [ ü ¡ J containing a fundamental frequency component, at window & is;

k

v1k =
i=t-lV+l

(8.)

-þ å 2n. å 2n.vi" = ) vi sin-:-:-i + I ¡ v¡ cos--:-:¿ (10.)' ¡=ã¡ N i=*A+t -- N'

9

(e.)



where subscript 1 indicates the fundamental componenr.

That is, equarion (10.) identifies the fundamental frequency component of the

sample set { f }, which might contain some frequency components other than fundamental

under the real situation. One other important consideration is that the input signal has to be

band-limited to prevent aliasing, which causes error in the DFT algorithm, due to the

Nyquist Criterion.

2.5. Nyquist Criterion

The Nyquist criterion states that the minimum sampling rate, f,"*t¡, , needed to

reconstruct a band-limited waveform, f,r-,, without enor is given by 2 x f,,r*, l1f .

lf f".*,,* < 28, where B is the highest significant frequency component in the

sampled waveform, an aliasing error will occur. Aliasing is the distortion or interference

caused by the overlap between the lowet lobe of the spectrum centered on 1,"*,,", and the

baseband spectrum. The aliasing error can be reduced by either using a higher sampling

frequency or apresampling low-pass filter. It should also be noted that the highest frequency

component that can be evaluated with an N-point DFT is / = '3. = f , where Á is

the fundamental frequency.

2.6. Recursive Phasor Computation

As mentioned ea¡lier, the output ftom the relay my be used fo¡ a control feedback

1oop. Therefore, reducing the time delay is one ofthe important criteria in our algorithm. The

Recursive phasor calculation reduces computation time extensively. We use N=4 samples

per cycle to simplify the illustration of recursive phasor computation.

10



Iltllt
I L :i-_ri v[3] i Window #2
L-------------J

Window #1 
-->

I l,o,I lç
vt¿l I

vUl

Moving Data Window

Figure 4. Sampling Wíndow and Reþrence Phasors

Referring to Figu¡e (4.), vtOl, v[1], vt2l, v[3], are the data set obtained at window

#1, vtll, vlTl, vl3l, v[4], at window #2,etc. F.. Ã,, F. ¡, a¡e rhe four reference vectors

for the DFT conelation. Using equation (10.), the fundamental component of the incoming

signal at window È is

1l

Reference Phasor for N=4

-2Jrn
"- 4-2



fo¡ N=4;

k

úk=: v¡¿-iffi
i=,t-Jf+1

k

úk=
i=k_3

for window k=1 and k=2, the DFT correlation vector are:

í, tr = vt0lñ0 + vtllñr + vt2lñz + vt3lñ¡

ú Ð = vlllñr +vt2lÃz+vt3lñ: + vtalÃo

It is noted that three out of four tenns are coÍìmon to equadons (12.) and (13.) As

the window is progressing from window #1 to #2, only one sample, v¡01, is disca¡ded and

one sample, v[3], is added to the new data set. By retaining three cornmon terTns in memory

and adding the new term for the next phasor calculation, computation time is greatly¡educed.

For a pure sinusoidal input signai of fundamental frequency,

vlN+rl = vfrl; for all r,

and equation (11.) becomes;

v-1 ¡ - f, (r-1 )

(11.)

Equation (14.) [8] indicates that a stationary phasor in the complex plane is obtained

when the recursive computation is applied to the pure sine wavefo¡m of the fundamental

frequency signal.

t2

(r2.)

(13.)

(14.)



2.7.The Relationship Between the Frequency Deviation
(AÐ and the Rate of Change of Phase Angle

The frequency deviation of a voltage signal can be determined from the rate of

change of phase dngle of the voltage phasor using the following equations.

or * = * À/ for a finite time interval Àt between samples.

^¡

# =*o,

Thus, À/ _IL1þ_I1þ,-9,-t- 2.n Lt - 2n (#)

where Ây is the change of phase angle between successive measurement

Àt is the change of time

Âf is the frequency deviation from 60 Hz

N is the number of samples taken every period.

y, and yr-r a¡e consecutive calculated values of ry.

The following example illustrates the above concept, with N= 1, that is, just one phase

measurement per cycle;

(15.)

(16.)



signal 2
60Hz + $

Figure 5. Relationship between the Change of Frequency and the Phasor Angle

Signal 1 in Figure (5.) is the reference phasor with frequency of 60 Hz, while signal

2 changes its frequency from 60 to 60+Âf at the end of the period. By applying equarion

(15.), we get,

#=# =+#= -t20 degfsec = -lraa/sec or gr= -!u, = -0.33H2

Hence, the frequency of signal 2 is 6G{.33 =59.67 Hz. Or, we ca¡rjust obtain the frequency

of the signal 2 by taking the inve¡se of the period T2.

The rate ofchange ofthe phasor angle is thus directly proportional to the input signal

frequency deviation. Figure (6.) shows the phasor rorares away from the reference phasor

when the signal frequency deviates from the fundamental. The frequency ofa signal can thus

be calculated using equation (16.) and the equation f.ien¡= 60 + Àf.

1þ + L1t)1,

eg.320 '

^ 362 1

- 360 60
f,= | = 59.6'7Hz

T2



lmaginary

Figure 6. Change in Phasor Angle when the Frequency Deviates from 60 Hz

i6¡ (reference phasor)

2.8. FFT Versus DFT

The Fast Fourier Transform (FFÐ is a numerical technique which makes the

calculation of the DFT much faster if a large numbe¡ of harmonics is required, Equation

(7.) can be expressed in a more compact form shorrn as follows,

tr'_1

v-(¿ç¡o) = 2 v€D e-i*;a"r
i=0

let ít = íUcÇ}¿

v¡ = v(i7)

¡¡ = s-iA;r

N-l
'ktnen vk = L vi(D'

i=0

(7.)

15
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ür I loo@o@0..llr,or,tø2.

* ,l= li't'"
If all the ü, are calculated a¡d N is relatively large, the FFT performs the calculation

faster than the DFT by a factor of o¡ders of magnitude. The difference in the number of

computation is NlogrN ve¡sus M for FFT and DFÎ, respectively.

However, in protective relay applications, only a few fi are needed and N is

relatively small. In our investigation, N=32 samples per cycle is used and we are only

inte¡ested in the fundamental component ü, . As a¡esult, there will be no obvious differences

in the computation time between the DFT and FFt techniques. In addition, there is no

limitation on the number of samples taken per cycle for the DFT algorithm. In contrast, the

FFT requires N to be the integer power of 2. Hence, the DFT is chosen for our algorithm

because it is easier to implement and the choice of the number of samples is flexible.

(18.)



Chapter 3. The New Algorithm

3.1. Using Half of the Window Data

The objective of our new algorithm is to provide reliable information of the power

system to the feedback control loop in a minimum possible time.

Based on the DFI theory, the new algorithm is modified ro use only half of the

window data in calculating the fundameintal frequency phasor in order to reduce the

computation time. That is, we use,

.k
instead of v1k =

¡=¡_iV+l

A time-varying frequency voltage signal can be represented as,

v(t) = Asin(Mt+qt(t))

where r¿11¡ is the phase angle of the signal in radians.

^f=ry
The instantaneous frequency of the signal is,

fsignat = f¡unaorr",rtot + Lf

17
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(10.)
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and the instântåneous phase

tÉ
= ,*_,1:tå

L,à

For a signal with a frequency deviation from 60 Hz (fundamental), the phase found

by equation (22.) oscillates with large amplitude about a mean value which is close to the

truephase. The magnitude ofthe oscillation is found to be double the fundamental frequenc¡

regardless of the number of samples per cycle taken. Therefore, the enor can be eliminated

by averaging ove¡ one-half cycle. Another method is to average three calculations using

three phases as the input signals.

3.2. Three Phase Voltage Input Signals

Three phase voltages are used in order to make the individual phase voltages less

sensitive to va¡iations tha¡ the method based on one phase. Three-phase voltages ü.. ü,

and i" are 1200 apart from each other. They can be used to calculate ñ. ü; ñ" and

ttt-, - t!., t, r1,., . by using equations (19.) and (22.), respectively.

As mentioned above, the phase angle r¿.,, oscillates about the mean value. Howeve¡

it happens thal 1þ,,, ., E,, t and 9., " 
are out of phase in such a way that an average of them

is quite close to the mean value. That is,

ltt"

of

I

I

the phasor is

,,."r[+]l
_t
",r,"[#]l

estimated by,

(22.)

Three-phase voltages therefore provide mo¡e ¡eliable phase sources than the single

input phase. However, the algorithm will still work properly if only one or two voltages

18
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sou¡ces are used as input data. For a one phase calculation, a running half cycle average is

taken of all the phase calculation over the half cycle ending at the cur¡ent time data point.

3.3. Rate of Change of Frequency Limiter

The typical frequency swing of a power system is at a rate of 0.1 to 1 Hz per second

and, extreme cases may reach 10 Hz per second. Consequently, the new algorithm will limit

the rate of change of the estimated frequency to be a maximum of 10 Hz per second. Any

over-limit estimation will be considered an error due to a phase shift caused by a fault, and

therefore the calculated frequency is held at the previously estimated value. This maximum

expected value comes from the fact that the inertia constant H of typicai generators is 2 to

9 [ 1]. Since H is half the time in seconds for a machine to go from zero speed (0 Hz) to full

speed (60 Hz) with one-per unit torque applied, it follows that a 1007o load drop wouldresult

in a frequency change rate of ! a"¡rrr. Manitoba Hydro's lowest H is about 3, giving a
2H

rate of 10 Hy'sec maximum.

3.4. Computer Software

All the programs in this investigation were w¡itten in the standard C computer

language, and all the simulations and tests were done on the Unix based Sun Wo¡kstation.

Moreover, Xuniplot is used to plot all the test results.

3.5. Program Flow-Chart

Figure (7.) and Figure (8.) on the following pages show the computer program flow

charts given in description and equations, respectively. The program performs the modified

l9



DFT calculation and frequency estimation every n samples and n can be set to any positive

integer. For our investigation, N is set to 32. The setting of n also depends on many factors

such as: how fast the clock is, what the memory size is on the board, and what the maximum

delay allowed, etc.

Starting from the top ofthe chart, a new set ofdata is gathered with new input and

the previous input stored in the memory. The digital f,rlter is then applied to the volrage

signals. However, the digital filteris optional for our testing. It is used to filter rhe test signals

with higher order harmonic and noise components in order to meet the Nyquist criterion as

discussed in a previous chapter. After the f,iltering, the modified DFT algorithm is used to

find the complex phasors and then the phase angles. Comparing the previous and present

phase angles, we can find the rate of change of frequency. If the rate of change of frequency

is not greater than 10 Hy'sec, as checked by the limiter, a new frequency is estimated. The

previous estimated frequency is kept if the limit is violated.

20
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= Rt+ jCt

= R"+ jc,

+.. ^,-zr- é 2n.
L vi"sln.._t + J L v¡.cos-îli

i+$r " i+$t

+ .. ",-zt. . + 2n.
L v¡bstlrjlt + J ). v¡6cos-;i

tv*-1t i+++r

+ .. -,-z', , + 2rr.
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î
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FÌgure 8. FIow Chart in Equations



Chapter 4. Typical Test Signals

All the test signals a¡e chosen to simulate typical situations for a power system. Our

algorithm aims to track the system frequency when the system is in a power swing condition,

as well as in the steady state. The program should not have any problem in dealing with

signals comrpted by, for example, harmonics and noise, provided that the signals are filtered

with an anti-aliasing fi1ter. Furthermore, the algorithm should also be immune to distortion

caused by a sudden jump in the voltage magnitude and the phase change of the signals.

There a¡e many advantages in choosing phase voltages, rather than cur¡ents, as the

input signals. One obvious advantage is that the voltages would not be cut off in case of the

open circuit of the power system.

Six different cases are investigated in this thesis:

i. Frequency swing signals.

2. Frequency swing signals with 3rd harmonics overlapping at
various phase angles.

3. Frequency swing signals with 3rd and 5th hamonics overlapping
signals in phase.

4. Frequency swing signals with high frequency noise.

5. Steady state (60 Hz) signals with 507a magnitude drop.

6. Steady state (60 Hz) signals with 90 degrees phase shift over one
cycle.

4.L. Frequency Swing Signal

A power system undergoes transient frequency swings when there is an unbalance

between the generation and the load. Conuol equipment must adjust accordingly, for

example load shedding, in order to protect the system from collapse.

¿1



4.1.1. How to Define a Signal with Time-varying Frequency

A steady-state sinusoidal volrage signal is defined as,

v(t)=si¡¡2n f" t+ôl
AAttr-'r- Constants

(24.)

where I is the ca¡rie¡ f¡equency which is 60 Hz for our investigation,

and 4 is a constant phase angle.

However, a signal with time-varying frequenc¡ that is , a swing condition would be

defined by

Va¡iables

v(Ð=sin[Z¡r f, t+QQ)]
A
I

Constant

(2s.)

Note that it is NOT conect to use

Variables

v(r) = si¡¡2 f(r) t+þl
A

L 
"onr,*,

(26.)
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In other words, the variable phase has the effect ofproducing a variable frequency signal [9]

Manitoba Hydro requires that the relay must be able to track a frequency change at

a maximum of 10 Hz per second. Thus the variable frequency is represented by

^fo 
=+

dt

,f(¡) = 60 - 0.8 sin(4ø¡)

ff = o.s<dtt1cos1+nt¡

I +1 = 0.8(4ft) = ro.o,Hzlsec

L"l**

and 1þ(t) = 2tr 
\fØdt

The conesponding voltage signal is therefore given by;

v(t) = s¡a¡yt6g, + 0.4cos(4øt) + þ 6l (33.)

where p, is an arbitrary constant phase angle

The time span foreach testing signal will last for0.55 seconds and it is set from -O.05

to 0.5 seconds. For frequency swing signals, the frequency varies between the times 0.0 to

0.375 seconds, and is constant during the remaining time. A signal wili be as follows with

respect to time,

ttt(t) = 0.4 cos(4øt) + constant

(27.)

(28.)

(2e.)

(30.)

(31 .)

(?) \



v(t)=sin¡7r60,*rot

v(t) = 5¡n1yt6g, + 0.4 cos(Anr) + þb)

v(t) = s¡n17t66, + 2n(0.8)t + þ c)

4, in equation(35.) and 4. in equation (36.) a¡e chosen such that the phase is continuous

at the transition between the three functions. Otherwise, a step phase change could occur and

result in an instant impulse frequency. The frequency ofthe signal afre¡0.375 secondsis kept

constant at about 60.8 Hz, in order to investigate if the algorithm stili works at a non-60 Hz

signal. Figure (9.) shows a plot offrequency ofthe signal against the time. Figure (10.) shows

the ¡ate of change of frequency of Figure (9.).

For three phase signals, ¿.. ç, and Q, will have the same form as equations (34.),

(35.) and (36.) with 120 degrees difference between them. Figure ( 11.) shows the 3-phase

voltage used as the inputs over a period from -0.02 to 0.03 seconds. Per Unit (pu) is used

for all the voltage signals.

r<0

0 < t < 0.0375sec

¡ > 0.0375 sec

(34.)

(3s.)

(36.)

¿o
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Figure ll. Three-phase Voltage Signals

4.2. Frequency Swing Signals with lÙVo 3rd Harmonic
(in magnitude) at Various OverlappÍng Angles.

i- - -i-

Harmonics a¡e distortions to the voltage and cur¡ent waveforms from their normal

sinusoidal shape. A 60 Hz sine wave is generated at the power generating stations and

distributed to a la¡ge number ofresidential and industrial loads. Cenain types ofloads distort

the fundamental (60 Hz) by injecting addirional signals of various magnitudes and

frequencies. Harmonics a¡e also sinusoidal in shape but theh frequencies are integer

multiples of the fundamental signals. However, the magnitudes of the harmonics normally

decrease with increasing frequency. Hence, only the frst few orders usually need to be

conside¡edin examining the effects ofharmonics on power system component orequipment.

The presence of harmonics creates a steady state problem which may lead to some serious

effects on computer systems, capacitor banks (overloaded), communications lines and

28



protective relay performance. There a¡e basically two sources of harmonics generated from

power system components namely, solid state devices such as thyristors and transformers

operating with non-linear voltage and current cha¡acteristics.

For this pan of the tesring, we will add 3rd harmonics to the fundamental wave. The

magnitude of the 3rd harmonics is chosen as 107o of the fundamental, and the overlapping

angles ( 7 ) between two signals are as follows:

1'Y=v

2. y=t5

3. y =45"

4'Y=æ

5' Y =go'

Figures (12.) shows the resulting voltage waveforms at 90 degree overlapping angle

over the period of -O.02 to 0.03 seconds.
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4.3. Frequency S\üing Signal with IÙVo 3rd and LVo Sth
Harmonics in Phase with the Fundamental

The fundamental voltage signals are injected wirh ll%o 3rd and l%o 5th harmonics

at a angle z = Ct' . The waveform of the comrpted signal will be ai follows,

0,00 0.00 0.01 0.01
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3rd Harmonics at y=90"
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fundåmental +3rd +5th harmonics

o Va o \-'b

ÀVc

-0.02 {.01 -0.01 .0.00 0.00 0.00 0.0f 0.01 0.02

Time Gec)

Figure 13 . Voltage Signals with 10Vo 3rd and I Va 5 th Harmonics at y = 0.

4.4. Frequency S\iling Signal with Gaussian Distributed
High Frequency Random Noise

Random noise can be picked up by the voltage signals anywhere along the

Eansmission line and at the powe¡ system components. It ca¡ also be inroduces

"quantization" noise in the A/D converter. As mentioned previously, all signals we are

testing have to meet the Nyquist Criterion to prevent aliasing. We assume all rhe test signals

have been filtered with anti-aliasing filters. Therefore, no anti-aliasing filtering is installed

in our simulations. Referring to Figure (14.), the simulation sta¡ts after the analog-digital

(A/D) converter. For this particular test, a random noise ( for example, quantization error

noise ) is added to signals coming out ofthe A/D converter. Also, a low pass filter is used

to eliminate the high frequency components in order to minimize its effect on the DFf

algorithm.
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Fígure I4. Configurøtion of Computer Program Simulation

4.4.1. Gaussian Distributed Random Noises

I sinnul *
I Quaitization

Erro¡ Noise

One popular type of noise is the Gaussian distributed random noise, which has a

bell-shape probability distribution[ 10]. A typical Gaussian distributed probability graph is

shown in figure (15.). The variance ø is chosen to be 0.01 meaning that 687o ofthe random

numbers generated a¡e between -0.01 and 0.01, and 95Vo betvteen -O.02 and 0.02. The

random noise is thus about 17o to 27o of the fundamental signals in magnitude, and Figure

( 16.) shows how a random noise waveform may appear;

f -->
S tart

Simulation

Freq.
Tracking

Algorithm
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Figure 15. Gaussian Distributed Probability Graph
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+ 95Vo +

Caussia¡ Dist¡ibuted Ra¡d, Noise
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Figure 16. Computer Generated Gaussian Distíbuted Random Noise Waveform
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4.4.2.Low Pass Digital Filters

The digital filter [11] is constructed from softwa¡e to eliminate undesired

quantization noise harmonics. [An anaJog fllter is constructed from analog hardware, and

is usually installed before the analog-digital converter to eliminate higher harmonic

components according to the sampling theorem.l In our investigation, the digital filter is

used only to remove a quantization noise introduced by the A/D converter. We do not use

this filter for the purpose of anti-aliasing.



Figure 17. Block Díagram of a Low-Pass (lntegral) Fitter.

The ouçut of the integral filter is;

y(nT) = v(nT) + v(nT -T) + . + v(nT - II) (37 .)

Taking the Z-Transform of equarion (37.), we get,

y(Z) =v(z) (l+Z-t +. . +T\

['
v(D = v(z) I r -T' ;' ILt--l (38')

The transfer function is,

^ v(z)" v(z)

Ouçut

V(nT)=v1¡1¡*u,nT-2T)+. . . . .+v(nT-lT)

v(nT-lT)

M1-Ml: Memory
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,^=l+#l

And the gain is [ 11],

According to equation (40.), the frequency response characteristics of the integral frlter are

given by,

Gain (p.u)

(3e.)

Figure 18. Characteristics of a Low-Pass [ntegral Filter

(40.)

60 120 180 240

Frequency (Hz)

This type of integral filter can eliminate higher harmonics of frequency given by,

where T is the period of the sampling frequency which is rhe inverse of 60xN Hz,

Using N=32 and 1=15, equation (40.) becomes;

36
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^ [,i"14rr I* = 
L,r(ãl

And equation (41.) is given by,

Specifically, the filter eliminates all the harmonics of integer multiplies of I20 Hz

and its attenuation is proportional to the inverse of the frequency. This filter is panicularly

useful to our algorithm as the fundamental signal is preserved after the filtering.

4.5. Fundamental Voltage Signal (60 Hz) with 50%io

Sudden Drop in Magnitude

4.5.L. Voltage Signal Before and During the Fault

Í = r20h (h = 1,2,. )

(42.)

(43.)

F igure 19. Power System at Fauh

Figure (19.) shows a simplified circuit diagram of a faulted power system. The

voltage signal before and during the fault are;
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berorerheraulr: v= lii:1 r/00 =0.e8l-5.60| + j0.2

during the fault:' 7 = 4* t/oo = 0.5/00" j0.2

The magnitude and the phase angle of the voltage cha.nge during the fault,

All the previous four cases dealt with frequency swing signaJs containing either

harmonics or noise. Now the algorithm is tested for its response to a sudden magnitude drop

in the fundamental voltage waveform (which is 60 Hz). Figure (19.) shows how a magnitude

drop may occur. The frequency of the signal is kept constant at 60 Hz and the magnitude of

the voltage is dropped to half of its original at time=0 seconds, as shown in the following

figure.

,d o.5o

¡f

!o o.oo

o

È -0.50
À

507¿ Mâgnitude Drop

oVåovb

1,00

-0.02 -0.01 -0.01 .0.00 0.00 0.00 0.01 0.01 0.02

Time (sec)

Figure 20. Fundamental Voltage Signals with 50Vo Drop in Magnitude
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4.6. Fundamental SÍgnal That Change Phase by -90
Degrees Over A Period of One Cycle

Figure (19.) illustrates how a sudden phase shift may occur, over say one cycle. A

more severe example is chosen here: a 900 phase shift over a period ofone cycle.

v(t) = sin(2n60t)

vl)=srn17r6)r-t*r, forO<¡=fr ,.. f=45H2 (45,)

"<,>='n(z*ø0,-i) to,r'."L ,", Í=60H2 (46,)

fort < 0 sec Í=60H2 (44.)

Phase

Angle
(radian)

a.-V

Figure 21 . P hase Angle C haracteristics of a Voltage Signal

A change in the phase angle shifts the frequency from the fundamental frequency (60

Hz) to 45 Hz îor a period of one cycle. Figure (22.) illustrates the change in frequency

between time=O to time=l seconds. The sisnal at time= I is 9r outof phase with the
@

original waveforms.
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Chapter 5. Test Results

5.1. Frequency Swing Signal

Appendix ( 1) contains computer program which estimates the frequency of the input

signal under the power swing condition. We use N=32 samples per cycle as our sampling

rate for all of our testings. Figure (23.) shows the frequency response of the algorithm. The

Y-axis is the frequency ofall ofthe 3-phase voltages. The X-axis is theprogram simulation

time from -{.05 to 0.5 seconds. As observed frorn the graphs, the algorithm responds quite

accurately under the ideal power swing situation. The maximum delay time is only about 4

to 5 milliseconds, or a quarter of a cycle, during the period of the power swing. The response

is exuemely accurate during the period of 6G-Hz and non-60-Hz constant signals. The

frequency ofthe 3-phase voltage signals is constant at 60 Hz before time=0, and swings from

60 to 59,2H4 then to 60.8 Hz where it stays at a constant. Figure (25.) shows the true and

estimated rate of change of frequency. It should also be nored thar the delay would be bigger

if anti-aliasing filte¡s are included.

5.1.1. Three-Phase Versus One-Phase

In order to show that using 3-phase inputs is better and faster than only l-phase,

figure (24.) is included for comparison with figure (23.) . The resuit shows the delay time

would be about double if only the l-phase voltage signal is used as the input. However, the

delay time of half of a cycle, is still quite small and acceptable.
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5.2. Frequency Swing Signal with 10Vo 3rd Harmonic
(in magnitude) at Various Overlapping Angles.

Figures (26.) to (35.) show the resuits of frequency responses for signals with 10Zo

3rd harmonics at different overlapping angles. The f,rgures on the top of each page are the

3-phase voltages over the period of -O.02 to 0.03 seconds. The figures on the bottom of each

page are the frequency responses. The computer program ofthe frequency relay algorithm

is listed in Appendix (2).

By observing the voltages signals, it is obvious the waveform has been changed

significantly as the overlapping angle y = 0, to Z = 9f. However, the distorted input

waveforms have negligible effects on the frequency response. The aigorithm is thus proven

to be insensitive to the low order harmonics.
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5.3. Frequency Swing Signal with lÙVo 3rd and lVo Sth
Harmonics.

Figures (36.) and (37.) show the voltage signals and frequency response,

respectively. Appendix (2) lists the program. The phase difference between the fundamental

and the harmonics is kept at Cr.

The estimated frequency in figure (37.) starts to ripple a bit. Fortunately, the

oscillations are confined to a small range about the true frequency. The result from this test

shows that the error becomes larger as higher harmonics a¡e added. The algorithm is

apparently sensitive to a higher order of harmonics, even with a small magnitude. The

oscillations may bereduced and smoothed by averaging previous data without causing a long

delay.
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5.4. Frequency Swing Signal with Gaussian Distributed
High Frequency Random Noise

Figure (38.) shows the 3-phase voltage signals mixed wirh random noise, although

it is ha¡d to see because of the relatively small magnitude. Appendix (3) includes three

computer pro$ams: one to produce random noise, one to simulate Gaussian Distributed

random noise and one frequency relay algorithm with a digital low-pass filter integrated.

As mentioned ea¡lier, a quantization er¡or noise is added to the digitized signals for

this particular test. The results shown in figure (39.) support the conclusion drawn in section

(5.3.) that as the high frequency component increases, the oscillation becomes larger. In

order to solve this problem, a digital low-pass filter (NOT an anti-aliasing filter) is added

to the program. The digital filter used extracts mainly the fundamental, and eliminates the

odd orde¡ harmonics and attenuates high frequency components. After the input signals are

fed through the digital filter, figure (40.) shows the resulting ouçut. The¡e is less oscillations

in the frequency response. The output curve may be further improved by taking the average

of, for example,32 data points, and figure (41.) shows the result if it is done. There is

significant time delay in frequency response after the filtering. The delay is about 8

milliseconds when compared to 4 milliseconds in the previous cases.

The testing of the algorithm under the above noise conditions is considered to be

relatively ha¡sh, as under normal ci¡cumstances the input signals are usuaily filtered with

analog filters which a¡e sometimes more effective.
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5.5. Fundamental Voltage Signal (60 Hz) with 50Vo
Sudden Drop in Magnitude

Basically, there are not any frequency changes during the entire period of the test.

There is only a sudden drop in voltage magnitude at time=0 seconds. The magnitude of the

three-phase voltages after time=0 second is half of that before time=O seconds, as shown in

figure (42.). Two horizontal lines in f,rgure (43.) overlap at 60 Hz indicating both the input

and the ouçut frequency are at a constant of 60 Hz. The algorithm reacts during the

transition period, but the rate offrequency change limiterprevents a sudden frequencyjump.

Appendix (4) gives the list of the computer program.
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5.6. Fundamental Signal That Change Phase by -90
Degrees Over A Period of One Cycle

By looking at the voltage curves offigure (44.), the phase angles of the three signals

shift by 90 degrees over a period of one cycle beginning at time=0 seconds. The frequency

of the input signals during that period is only 45 Hz, and 60 Hz during rest of the time. Once

again, the rate of frequency change limiter prevents the sudden jump at the two transition

points. The computer program is listed in Appendix (5).
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Chapter 6. Considerations on the
Hardware and Software Implementation

6.1. Microprocessor Board Implementation
Consideration

Despite the fact that we do not test our method on a microprocessor based device,

the algorithm is relatively easy to implement with some modifications. However, since we

have been using the floating point arithmetic (workstation processor), the error resulted fiom

using the integer arithmetic microprocessor is expected to be larger. For a power protection

scheme, a digital signal processor (DSp) is usually included in rhe device to facilitate the

actual signal processing and floating-point based DSp is already available. Figure (46.)

shows the modified algorithm for the implementation. The digitized input signals are fed into

the DSP which perform a DFT and returns the fundamental component to the central

processing unit (cPU). since it is difficult to perform trigonometrical calculations on a

microprocessor and it is very time consuming, an altemative is to look up the inverse tangent

values from a stored table.
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Figure 46. Modifîed Algorithm for Microprocessor Implementation



6.2. Testing the Algorithm with A Larger Frequency
Swing Range.

Although our algorithm is based on a fixed sampling rare and a small deviation of
frequency' the algorithm will be tested for signals with a frequency swing of20 Hz. The aim

is to resemble a more practical situation in which a protection relay must accommodate

power system changes. Figure (47.) shows that the result is still satisfactory under the above

conditions. The frequency varies from 60 to 50 Hz, then ro i0 Hz. The scale is enlarged in

Figure (48.) ro show the delay time.
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Figure 48. Frequency Response with Range of Swing of 20 Hz (Scale Enlarged)

6.3. Adaptive Relaying

"Adaptive protection is a protection philosophy which permits and seeks to make adjustment

to various protection functions in o¡der to make them more attuned to prevailing power

system conditions" [12]. In other words, an idear protecting reray should be able to adapt to

the ever changing power sysrem conditions. Rerays with fixed settings a¡e insufficient

because not all conceivabre network conditions can be anticipated. For a frequency reray

based on the Fourier Transform, the sampring rate is recommended to be updated after each

computarion. The argorithm has been rested with mod.ified feedback sampling rate and 4

samples per cycle. Figure (49.) and figure (50.) shows the results with feedback sampring

rate' The delay time is ¡educed when compared to the result without the feedback-

6l



70.00

66.67

63.33

N

3 60.00

LL

56.67

50.00

.0.05 0.46 0.96 1.47 1.97 2.47 2.98

Time (sæ)

Figure 49. Frequency Response Feedback Sampling Rate.

Wirh Fædback Samplìng Rare

True Frequmcy o Estim¡r.! Frcquqþy
61.00

60.67

60.33

N

B 60.00

59.67

59.00

-0.050 .0.040 -0.030 {.0æ -0.010 0.000 0.010 o.o2o 0.030

Time (sec)

Fígure 50. Frequency Response Feedback Sampling Rate (Scate Entarged.).

j-i-jjii
--_î--.-i*- 

i- 
---.

_----l---1--- -- i---.--

iii
l-_-r_---iiiii__j__ 

i

iii>
iijj

-j--_._._j- ___ ..._.

iijjiiii

I

I

I'-----*-l-

0,040



Chapter 7. Conclusions

1. The Fourie¡ Series is one of the most commonly used algorithms in computer relaying. The

Discrete Fourier Transform (DFT) provide usefur information to frequency rerays by

extracring the fundamental frequency component of incoming signals.

2' The new and modified DFT argorithm uses onry half of the window data points in each

calculation, thus reducing the delay.

3. using the average of three single phase calcuration funher reduces the derav.

4. A varying frequency test signal must be defined by a corresponding varying phase function.

5. The new algorithm works very welr with the foüowing test signals, which simulate a

typical situation for a power system:

i.) Pure frequency swing voltage signal.

ii.) Frequency swing signal with r\vo 3rd harmonic at various overlapping angles.

iii.) Frequency swing signal with l\Vo 3ñ, a¡d, l%a 5th harmonics.

iv.) Frequency swing signar with Gaussian distributed high frequency random noises.

v.) Fundamental signal with 50Vo sudden drop in magnitude.

vi.) Fundamentai signar that changes phase by -90 degrees over a period of one cycle.

consequently, the algorithm is able to Eack a signal with constant frequency as werl as a

swinging frequency, provided that the signal is anti-aliased (the algorithm is very sensitive

to the noise) and its rate of change of frequency is less than 10 Hy'sec.
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##

¡'eb 24 14:35 1991 purô61.ê pago 1

######f #*###########*#{t###f ####*### #############f #s###### ### ### ###*# ###

Purpose: fbis prograJn êstin¿ter the signat frequency using modifLedDiscrâtê Fouriêr Tranafoñir têcbniquè.

fnput: simulåtâd 3-phaaer voltag€s
Oueput: estÍrñated frequency

SLgna1 corq)onônt: pule Frequency S*ing Slgnal

{r##{t########*########lt#it#s#####f ######################################l

{t
#
##

{llnclude <stdLo. b>
#lnc1ud. <rnåth, h>

lld.f,lne ¡¡D

#d.ftnô ND OVER 2
#dêftne Pf
#daflne MAc

*dâflne 9AI À
#dåfln6 PEI-B
Sdêfine Pgr-C

#deflne TEiTã, À
#d.flnê rgErA-B
#deflne TsETi-c

#d.fine I¡t{ELf}tIÌ
lfd.f,in. MÀXDE

32 /* ¡o.
ND/2
3. 1¡11592
1.0

0.5
0.1
-1.785

0.0
ÍEETÀ_å,+2 .0*Þr,/3
!EETÀ_À+4 . 0*P¡,/3

/* headêr */

of, larE 1.r ta*en pcr êyê1ô */
/* hslf wlndow cåIculàÈLon */

/* någnltudê of Èhe voltagê itl

/* arbitary anglês cäoaen ao tbat */
/* curvec ârâ contLnuous at * /
/* t,lansltlon */

/* phaae anglâ dLff. */
/* for 3 phåoês */

##f#lt###tt#*##*#######**##fl###**f#f##f#*##*f##{tf###########s*#f############
#
f, Purpoae: ThL¡ functLon cÊIêulêle the t¡uê f!€quency of, the Input. j
# atgnal
**
f Input: tlmâ ln r.cor¡d. *
* ã"ip""' J'".;;ü;;;" i
#
* tru. frôquônc = 60.0 Ez
# = ttno varytng
* =60.9 Ezt

0.5 /* .imu1!,tlon t'Lm. */
10,0,/ND,/60,0+0.01 /* 10 gzlsec rnax. change */

fort<0
O<= t <=0.375 reê.
0.375 < t

# ##* #*s ##* #s {t## #s# #** f#s* #* #f ll f* f ##{t*å # # #### # ### # ### ltf ## f tt #f *# # ## # #{t# #s ## #

doubl. E'unc_Crue_f leq (t )
double t;
{
double truo_freq;
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rf (r<0. 0)
truê_f,req=60. 0,.
êIse 1f ( (t>=0.0) ÊÉ (t<0.3?5) )
t!u6_freq=60. 0-0. 8*sln ({*pI*t),,
else
trug_f¡eq=60,8;

ret.urn (t.rue_f req),.
)

f # #* #### ## # tt #ti{t tt #{t {t # {+ # # * # ## # # {} ### # ## # lt ## # ## # # ## # # # # # # l+ # # ## tt # # # # ## # # # # # # # # s# --
$ Purpoae: fhêre 3 funct,ion. simulatêr the input 3-phase. voLtagêr ;#-
{l lnputr tiñê ln aêconda
* ouiput: 3-pb";. ";i;;;ê stsnat i
{}

{t# # *#* # *lt ## lt fl * lt {t {t * ## ll # ltlt ##{t{t f ##* # {r# # # {r# # f s # f ## fi ##,, # ## il # ## s f ## # *# {r ### # # # # $

doubl. In_slgnal_¡ (t)
doublâ t;
{
doublo sLgnat,'

tf (t<0 . 0)
slgnàl=sln (2. 0*pf*60. O*t+pAI_À) ,,

elsê ff, ( (t>=0 . 0) É c (r<0.3 ?5) ).Ignal=rln (2 . 0'rplr 60. O*t+O . d *cor (4*ÞI *t) +PSI_B) ;alrô
rlgnåI=!l,n (2 . 0*pI * 60 . O*t+2 *ÞI* O . 8*t+pEI_C) ;

return ( slgnal) ;
)

doublê f n_rlg¡¡â1_b (t)
double t;
(
doubl. rLgnal,.

tf (r<0. 0)
.tg!¡l'=.i¡ (2 . 0*p1* 60. O*t+pEI_À+TSE!À_B) ;.I!. lf ( (t>=0 , 0) ÉÊ (r<o,375) t -
rfEDal.=lLn (2.0*ÞI*60. O*t+O. ¿*co6 ({*pI*t) +ÞEI B+TEETÀ_B),.alr.
slgnsl=rln (2 . 0'rpJ* 60. O*!+2 *pX *0. B*t+PEI_C+TEETÀ_B) ,.

¡eturn (r19¡¡aI) ;
)

doubl€ fn_s1gnal_c (t)
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double t;
{
doubL€ slgnal;

if (È<0.0)
slgnal=Bin (2 . 0*pI * 6O . O'rt+PEÍ_À+TSETÀ_C) ;
êLåe if ( (t>=0.0) ee (r<O.3zS) )
rlgnal=r1n (2. 0,rpl*60. O*U+0. ¡t*cos (4*pI*t) +ÞEI_B+TaEÎÀ_C) ;el aô
6igna1=sln (2. 0*pI*60. O*t+2*pI*0. g*t+pSf C+IEETÀ_C);

rêCurn (!lgnal) ,'

l

*## lt ### ll ### # ## f #{t# ### lllt ## # # ll{t # ## # ###tf # ##{t # # # tt *# # # ## # # {t tt lr # # ## it # # ## # # # # # # ## #
#
{i ldaln Þrograrn gh¡rt,. S

##
It##{t #*{t l} #f * * ##{t #*# f ** lt # ll ll *# ##* {t{r # lt *{r# {r {t{t n # f # f; {r## # ## * ## # # # tt ## ## # ## # # # # # # # # I

nåin o
{

lnt n,l(, count,.
double Euffôr_Vâ I¡¡D_OVERJ , Buffc!_ f ND_OVER_21 , Buffêr_Vc [NÞ_OVER_2 I ;
1"":1" Buff.r_v¡_co! [ND_ovER_2 ] , auir"r_vlcrnJno oveR_2l;
1."11" Buffêr_ _cos IND_OVER-2 L Buf,fer-vb-eln IND-oI¡ER-2 ] ;
1"":J" BuffEr_vê_cô. [ND_ovERr_21 , euffer-v{ci.n IND-oVER_21 ;double Func_true_frâq ( ) ,.In_stgnal_a ( ¡ , in_ãfqnaf_Ë 1¡ , Ii signal_cO;
1.u11" t, fr€Leaè_låst, fraq_eaÈ_cur""r,t, E "q_tri" fastlfreq_t-rue_current;doubl. VÊ, , Vc. riå.ta_df ;

1"u:1" 6um Va_cor, sum_Va_rln, aum_ _êos, sum_ _sin, 8um_Vc_cos, sun_Vê_sln,.
1"u:]" a:gla_a, angle_b, angte_c, àgtc_ave_riatiaogt"_ai"_ãu"rênÈ ;double df_dt_truâ,df_dà_ese;

#### ###* #* # f #f #f *## #{t *##* # # # # ### f # ## # # ## lr f#{t ##*t *## # *# ## ##*# #ll # ## ## # # # # ## ## ----
# Inlttlizåtton of vâ¡1,å.b1ô. n

#

##*##***lts#fff#**f{***#*#*##f##*fl##f;#*f####f#*#*#{t#########*####*########f

M=0,'
t=-0 . 05;
freq_ôrt_last=60. O,'
f req_truê_last'=60. 0,'
ângle_ave_l,a6t=0. 0,'

count=4 i
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prinÈf("h€lIo\n',);

# #{r## #{r###ll####### ######s########tt#####{r########{+#################t#### 
####

# Initllization of Buffêr! #

##
##*#lf*#lt###*#f######it###f#ll######*####f########it#########################f

for (n=O; n<ND_OVER_2; r¡++)
{
Buff,âr_Vâ_cos [n] =O . O;
BuffôE_V!_rln Inl =0. O;
8uff,e!_ _co. [n ] =0 . O;
Buffêr_Vb_.1ñ [nl =0. O,'
Buffer_Vc_co. [n] =0, O,
Buf f .r_Vc_rf ¡¡ [n I =0. O,'

)

* *# ## ##s ##{t ### {t* #lt* flt lt lt #lt #* f# lr #lr ## # {r # # f{t #### tt *lt# # ### #fl #lr ### # ## # # # # # ## ## ## ##
* waile loop #

#-#
#*{+lt###lt##**#s####*######**#####*##{l#*###{+#####*########*######*#########Í

Hbfle (È<TIMELIXIT)
{

f rêq_t,rue_current=Func_tru€_f req (t ),,

# {l#s * *f * #f *##*s * fl* #s# f ###s #*#* f ** #### f ### f f ## *s ## # tt ### # # *# #$ ### ## # # f f # tt ## {t#
f Cet 3-phq!. voltrgâs by cåttlog fuûqcloôr i*
*###*##*#**##**f #####**##*####ff *###*f *##f###f ll#*ll#########**#############

Va=In_slgnat_a (!) ,'
Vb=fn_s1gnat_b (t) ;
Vc=In_rignal_c (t) ,.
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# ## # # ### ll ll # # ## # tt ## # # f # # ## # # #tl # #* tt # # # # {t {t# # #s # # #f # # ## # ## # # # # # # s# # ## # # # # # # # # #
#
# shlft èhâ êorrelatlon producC buf,fêrs (or windo!,r) onêe i#
#######tt############# {+######tt# ######s#f#### ## ######### ####f###### ## ######r

for (n=0; n<ND_OVER_2-1; n++)
{

Buff ê r_Vå_co s [r¡ ] =Bu ffâ r_Vå_ëo s [o+1] ;
Buffer_Vr_sin Inl =Buff€!_Va_rln In+11 ;Buff.r_ _êor Inl =Suffer- ]c.o¡in+ri;Euffot_Vb_rln In] =Buffer_Vb_stn In+1] ,,
Buffêr_Vê_co! [n] =Buffer-Vc_coa In*!, ] ;
Buffêr_Vc_6In In] =Buff,êr_Vc_sin In+1] ;
)

tf, (¡{-ND) M=0,'

It ### ##*s #*# # #*lt # ## lt #lt # # ### lt ### f#$ # s# ## * # # # # # # tt # {t# ## # f# # # ## # # # # {t{t# ## ## # # ## f* ----- 
t# Câtculât. Cho correletlon product f,or th. Ítost râcsnt 1nput, sfgnâl! #* by nulttptylng vortågc. a¡d tbô refer.nce coslne ând srn. êurvôs #

#
###*###*##*#*#*##**###f###f#fs####s#lt#####*###################f#*####{r###l

Buff.E_Vê_cor [ND_OVER_2-l] =Va'rcos (2 *Þf* (MSND) /ND) ;Buff,e!_Va_sln [ND_OVER_2 -11=Va* stn (2*pI * (M8ND] /ND) ;Buff,ôr_ _co6 [ND_OVER_2-l] = *êo. (2*pI* (MtNDi ,/NDi ;
Buf fe r_ _rLn [ND_OWR_2 - 1l r *rtn (2*pIrr (r,ttND) /ND) ;Buffô!_Vc_cos [ND_OVER_2 -1] =\rarrcor (2*pl * (HgNDi /NDi ;Buff,êr_Vc_sin IND_OVER_2-11-Vc* rln (2*pr* (M*ND) /NDi ;

M+=1;

sum_Va_co.=o.0;
.u¡n_V._rLn=o . 0;
.um_Vb_êos=o . 0,.
.u.n_Vb_rLa=o . 0;
au¡ô_Vc_co.=o. 0,'
.u$_Vc_rln=o.0;

Ir*# #{}{t* ###s #å#* *ss # ##* *#*s #*# I #* f # # f # fl *## f *#* {t## # ##* ## #* ##l+ #### #f ## fs ## ## ## ----- 
få SuÍEnålLon of å11 Chc eôr!€lation produqts #f#

{l##{}##ll#s#####f*#s**#s*#{}##f#*###f##tt############*######*#####{+##*f######i¡

fo¡ (n=0; n<ND_OVER_2,' n++)
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suñ_Va_coa+=Buf f ê¡_Vå_cos I n I ;
. uh_Vå_s L r¡ +=Bu f fc r_Va_s Ln In] ;
sum_Vb_cos+=Buffêr_ _cosIn] ;
8um_ _sin+=Buffêr_ _rin [nI;
sum_Vc_cos+=Buf f âr_Vê_cos I n ] ;
aum_Vc_aln+=Buf, f, .r_Vc_sin In] ;
)

# f# *# ## # ##Jt # # * # {t ## # ### ### t} ### # ##{t # ## #s # # # ### # ## # # ## # ## # # # # * # ### ## # # # # # # # # ##
* calculate the phasê ångle! of th. 3 phâ6ôrr f#
############{t##{r{t*ll##s######**###########s######s####################*###f

angl._a=atan ( sum_Vê_cor /surî_Va_! i n ) ;
ãr¡gle_b=atan (rum_ _co./ru¡Á_Vb .Ln) ;
angla_ê=ltar¡ (lurn_Vc_coc,/runr Vc cln) ;

/r.
{t ffl * f#* ##{ #* #* * ##* ll**f *{t* ll {t*f # ### fl *# #s #* tt## # tt ## # f f# ##* f #*f ll # ## ### ## #{+# # ## lt*
# Ffnd th. av.râgc of 3 phâsor.r, å¡glcr j
#
########**f*#f,*###{#*f##*{##**#*#*###*####tt##f*#**#f#########*###########Ë

ånglo_åve_curr.nt= (ànEIe_c+a¡gle_b+an gle_c) /3 ;

/*
,t#### #{t # *lt# tt## ## ff #*# *# *#* f ###s# ##{t# tt #####$ # ###* #### # fi ## ## ## ### ### # ## # # # # #*
ll Erttr¡ate the frequency o! tnput sLgnal if
##lt*f*#*##**#*#*#n##**#***####s##riflsn#{t##r#*###f#*###lt###*##**f##########ü

fr.L.!t_ëulrent=60. O+ (¡¡lg1c_àvê_curlent-a¡¡Ele_av._IÊ.t,) *60. O*ND,/2 . O,/pf ,.

#####**#**###*s#****#f *f *#*f #f *#*#****####**###**#s#å##*f #######*#f ####f ###
* atTat 11n1ro" #

##
#*#til#*#s#*##*s#f #*ss#*#sllt#**##**f #f #***ll#f #s##############*############Í

if (fab6 ( (f,râq_eat_curEÕaL-.Êrôq_€6t_Iårt) 
) > ÀXDF)

f r.q_est_êurr€nt=f rete¡!_La¡t' ;

##*s###{t**##*##*f*#så###f#t##**#####f###*########s*#############*###s#*##
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#
{l calculâte tbe d.f/dt #

##
##*tt###s###########fi##*tt#######################{+*###### ######## ##f*##*###

df_d!_true= (freq_truê_curr€nt-frEq_truâ_Iåst) *60. Of ND;
df_dC_âst,= (f rêq_êst_currênt-fr"q_ect_laã¿¡ *5g, g*¡p;

If (eount:¡l )

{

prlnÈf,(,' 8f tf *f rf *f rf gf,
gf,\n " , C, fr.q_true_current., frô(Lert_cur!.nt', vå/ Vb¿ Vc, df_dt_true, df_dC_est ) ;cou¡rt=0;

I /*rf* /
/* df-dt-true, d f--il---ës1-, 1t/

f !ôq_truô_là.t=f ¡.q_t ruô_êurle¡¡t,.
f r.L.!t_Iårt=f r.q_.!t_cu rrcnt' ;
anglê_ave laat=angle ave êu!¡€nt,,

t+=1 . 0,/ND,/60 .0t

count+=1,.
I / *whL].o¡, /

l
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################################fl #{t######################################
#
fl Purpose: This p¡ogra¡n êstimates thè slgnal f!êquêncy uslng modified# Diacretê !'ourlê¡ Transform tschnique.
*
# I!¡put ! .Lmulated 3-pbâs.s voLtagâs
# Output: estimÃted frEqu€ncy
#
# slgnat coÍq)onênt: purê !'râquên¿y Swlng Slgna}+
{l 3rd (+Stb} hqr¡nonicc
f
# ## # # ## ##### # # # s ### ll f # # #f # # #f # ## f #### # {t# ### # ### f, # # # # fi# # # ### # f # # ## # # # # # # ##

#{nctudê (Etdlo. b)
*lnclude <rEth. b>

#d.fin. ND

lld.rlne ND OVER 2
#dêfLnô Pr
#daflne MAG

#dêfinô TBEIÀ À
#d,êf tnê TBETÀ-B
#deflne EÃETÄ-C

{ld.ftne TIMELIUIT
#d.fLr¡e MAXDE

#deflne ÎEIRD E
{ld.!{n. FIFIE-S
#d.ftnô pEAsE:ssIr.I

32
ND/2
3.141592
1.0

0.0
TAE!À_À+2 .0*Pr,/3
EEETÀ_À+¡l . 0*pr,/3

/* beadc¡ */

/* ío. of laÍI)lôr talen per êycle
/* half wlndow cålculatfon */

/* någnitudê of the voltagê */

/* phase ângl. diff. ¡rl
/* f,or 3 phaaes

0.5
10.0/ND,/60.0+0.01 /* lîåx frêq êhångê */
10,0 ,/* S of thtld ba¡¡nonLcs *./
0.0 /* * of, ftfth hBã¡onle6 1c fflåx */PI /* phacc d,fgf . b/w furdå¡n.ntal */

/* and tbô 3rd harmonLc. */

##############t######**##*l+*#*#n##lt#ll####lls##########*#########$####f 
####*

$ Pur¡rose: IbL! funôÈio¡ cål.culate thê tluô f,râquêncy of the tnpue# rlgnal
L
l+ fnput: tlme ln socond!
# Outputt true frequenc¡y
#
# truê fr.quênc = 60.0 Ez
# = tlne varylng
$ =60. 8 Ez
*
##llf####*f###lt##fl{t##**#å#fl###**######{tf**#tt########fff####tt###########{tl+#

doublq Func_t!ue_f râq (t)
double t;
{
doublê true_f,r€q;

fort<0
0<= t <=0.325 scc,
0.375 < r
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tf (r<0 . 0)
truê_freq=60 . 0,.
else if ( (t>=0 . 0) É e (t<0. 3?5) )
¿ruê_f rêq=60 . 0-0 . 8 * s in (4 *pI*t ) ,.

êlce
truê_frêq=60 . 8,.

râturn (truo_f!€q) ;
)

# ### # ## it ### tt ### {t## # # # # lr ##s # ## s ## # # ## # # ## # #{+ # # # # # # ## # # # # # # # # # # # # ## # # ## # # ##
#
# Purpo6è! Tbere 3 .f,unctions 6LmulatEr thâ input 3_pharâr voLtag€s
#
# Input: t{ri¡ê ln aeêonds
# Outputl 3-phase voltagê 6igna1 wlth ha¡¡noncLa
It
# ## # ### # ## # # *# # f ### l+# # # lt # # lt ## # {+# ## #f # # #f # lt # # # ##s ### f ### #### # ## # ### # #s # # # #

doublc fn_619nåt_a (t)
double t;
(
doublo ffDrÈ_a, third_r. ftfth_a, total_a;

tf (r<0, 0)
{
fL$t_a=MAc*rtn (2. O*pI*60 . O*t) ,.

tbt!d_a=TEIRD_g*MÀc/100. O*.tn (3, O*2. O*pr*60*t+pEASE -SEIFT) ;ftfthj=l'¡ltEl_g*UÀC,/1OO , O* !1û (5. O*2 , O*pI i 60 . O*t) ;total_Ê= f, l-rlt_a+thLrd_a+f, f fth a;
)-

€I!ô lf, ( (t>=0.0) ee (r<0.3?5) )

{
f Lr!ù_a=MAc*rin (2. O*pI* 60, O*t+o. {*cor ({*pf *t) _0, ¿),,
tbl!d_a=TETRD_S*UÀG/100. O*rtn (3. O*2. O*pI,r50. O*t+g. O*0. I*cor (¡l'tÞIrt) -1 .2+PEÀsE_ssIFT) ;
flfth_¡=l'IFIA_l*À{ÀG/1OO . O*stlr (j. g*2 . 6*¡r¡ * 5q . g*t+S . O ìr o. ¡t*cor (¿rpl*t) -2. O ) ; total_a=flrst_a+thl-rd_a+flf,th_a,,
)

êIsê
{
f,Lrlt_a=MAc*11! (2 . O*pI*60. O*t+2 . O*pI*O. g*t_2 . 2BS ) ;tb1!d_å=TEIRD_S*MAG,/100. O'r.ln (3. O*2. O*pf*60. O*t+3 . O*2. O*PJ* 0 . 8*ù- 6, 855+PEÀSE_SSIFT) ;
flfth_å=l'IFTS_E*HAc,/100. O*rtn aS. O*2. O*pI*60. O*t+s . O:r2 . O*PI *0. 8*t-1 1 . ¡125) ; totaL_a=f trsÈ_a+third_a+f tfÈb_a;
)

roturf¡ (toÈal_å) ;
)

#
#
#
*
#
#
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doubla In_stgnal_b (t)
double t;
t
doub:.. f,irsù_b, tbi!d_b, fifth_b, totâl_b;

1f (!<0. 0)
{

fLr!t_b=MÀc* s{n (2 . O*pI * 60 . O*!+TSETÀ_B) ;
thlrd_b=IEIRD_E*MAc/1OO . O * 61n (3. O'r 2 . OrpI r.60 *t+pEASE _sEIFf) ;ftf,Cb_b=FIÍ'TF g*MÀc,/lOO . O*.ln (5. O*2 , O*pI,r 60. O,rt-2 .16) ,total b= f,l- r së_b+t h 1rd_b+ fi fr h_b,.
)

eLse if ( (r>=0.0) ee (r<0.3?S) )
{

f1!!t_b=tû{c* rin (2. o*pl'r60. o*t+o, 4*cþr ({*t,t*!) _0. {+fEEtÀ_B) ,,tbt!d_b-TSIRD_E*!ßC/100. O*rin (3. O*2. O*pl*60. O*t+3. O*o. ¡¡*cor (¡l*ÞI*t) -1. 2+PEÀsE_sE¡FT) ;
flfbh_b=EIg'TS_E*I,fÀG/100. O*stn (5. 0,r2. O,rÞI * 60 . O*t+S. O,rO. 4*co. (¡l*ÞI*t) -2. O-2.16) ;
toteL_b=f 1rrC_b+t ht rd_b+f tf t h_b,.
)

eI aa
{
fi$È_b=MAc*rln (2. O*9I*60. Ort+2. O*pI*0. 8*t_2 . 285+!EETÀ_B) ,.thL!d_b=TEIRD_E*MÀê/1 OO. O* lin (3. O *2. O*pI,r 60. O,rr+3. O*2. OrPJ* 0 . 8*t_ 6. 85s+PEÀSE_SEIFT) ,
flfth_b=FIFfS_S*MÀc/100. O*stn 1S. O'tZ. O*lr,te O . O*C+S.0,r2. O*PIi0, 8*U-13. 585),. total_b=ftr.t_b+tht¡d_b+flftb_b;
)-

r6turn (toÈâl_b) ,'

)

doublô ¡n_lLgnal_c (t)
double t;
{
doublc flErt_c, thl.d_c, ftftb_ê, total_c;

rf, (r<0. 0)
{
flrst_c=MAc,t!ln (2. O*pI*60. O'rL+TSETÀ_C),.
!hird_c=TEIRD_E*MÀG,/100. O*rtn 13. O'r2. O*pt r. SO*!+ÞEASE sSIFT) ;flfth_c=FIFTE_E*MAG,/100 . 0*¡ln (S . O*2 . O,rpl * 60 . O,rt+2 . Iã) ;

lotar_c= 
first_c+rhtEd_e+f ífÈh_c;

eI!. lf ( (t>=0.0) ee (t<0.3?S) )
(



firsÈ_c=MÀG*sLn (2 . Oi,!,t'r60 . O*t+o. 4rrcos ( d*pl*t ) _O . i+TEETÀ_C) ;thi¡d_c=tEIRD_S*MÀc,/1 O O. O * sin (3. O* 2. O *ÞI * 50. O*t+3 . O * o. 4*co. ( 4 *pf *!) -1 . 2+PEÀSE_SEIFI) ;
f lfth_c=E f E fE_E*MÀc,/100, O*rin (S. O*2. O*pt* 60. O*t+S. O*0. 4

* cos (4,rPI *t) -2 . 0+2 . 1 6) ; t,otaI_c=f trst_c+tblrd_c+f 1f th_c;
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)

eIrô
(
f,lr.!_c=MAc*.ln (2 . O*pt'r60 . O*t+2. O*Þl*0. 8*t_2 . 285+TEETÀ_C) ;thLrd_c=IEIRD_E*HAGi/1 OO . O*.ln (3. O*2 . O*t'I * 60, O*ë+3 . O*2 . O*Pr*0. 8*t_6. 85s+PEÀSE_SETFT) ,.

f if th_c=E IFf S_E*¡|ÀG,/100, O * 6tn (5, O*2, O*pI * 60 . O *t+5, O*2. O*PI * 0. I *t- 9. 2 65 ) t lotål_ê=f, lret_ê+thlrd_ê+f 1f tb_c;
)-

retu!n (total_c) ,'

)

###f########{t##f######*###fl###f**#############{#f#########f####ff########
#
# Uå1n Progrs¡n stârtr #

##
# flf## ### ##** ftt{tfå#s *lt*# #f #s #f #*## # ### f #* *f* ltf # fl *f ### #lt # f##tt# ### # # #s ### # ##

nåtn o
{

lnt n, Mi

l"uPJ. Buffer_va [¡¡D_o\rER__2_l1B:Íf:r= [ND_ovER_2 ¡ , Buff.r_vc [ND_ovER_21 ;
1"":1" Buffer_vr'_êô! [ND_9VER_21 , guir¡r_vi ¡rn-tr¡o ovrn_z t ;
:o":1. Buff.r_ _cê. [t[D_ovEB_2 ] , Buffer- -eln iND:ovER_21;doublc Buffer_vc_cþr [ND_ovEf_21 . Êuffe!-v{rtn ir.ro-oven_z ¡ ;double Func_tru._freqO ,Iô_rlgnåt_a O , i"_ãtgr,"r..i ¡ ¡ ,Iã_sfgnal_c O ;doubl. t, f,rôq_e !t_lâ!t. f req_cet_eurrent, Ere itrie,'tre{avå, na*lar;double Va, ,Vo;
1"u:]" sun_Vs_co., rum_Va_¡Ln, ¡un_ _eo¿, sum_Vb_sLn, sun_ve_cos, .um_Vc_s1n,.doubLe angl€_4, ångl€_b,ångl._c, angle_ava_tãetlangte_Jve_ãurrânt;

*##**#tt*fl{+#*f**f##*##***#*s#*###*##**s###s*##f###*#*#tt####s####tt#########
#.
# lr¡1t1112åtlon of vårtalrles i



#
#######n#########*#####*###s#*n###*#f #{t#iln###fi ###s#######################

M=0;
t=-0 . 05;
frEq_e.t_Iast=60 , O;
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angle_åvo_lArt=0. 0;

P¡tntf(trhâllo\nn);

#### ### # ### ###* # ## # ### # #{r# ## f # #** # ## # # #n # *f ## # f # # ## # *# # # ## # # ## # ## # # ## # # # ##
# fnlttlLzetlon of Bufferr
#
t| f# # fl ##* ll# ## ** #lt ll lt ### ll# ll lt ## #{+# ## ## #ll * # ##tt #ll # ###tt ### # ## #f ## *# #f # f# # # # # # # ##

for (n=0; n<ND_OVER_2,. n++)
(
Buffôr_V!_co. In¡ =0. 0,.
Buffer_Va_rln [n] =0. Ot
Buffer_ _coa [nl =0. O,'
Buffer_ _rin [nJ =O, O;
Buffår_Vc_co. Inl =0. O;
Buff.r_Vc_rln [n] =0. O;
)

# *#r **#f #*f #*## # **s ** # * *lr{ ##* #*#***#s ###t ### #**t # f # f ## *# #* ## ## ### f # ## ## # #*
# wlile Loop
#
#########*#å#f,###f*#**##*#sf#*f*###t#f##########f#f#n*f##############*###

ïhtI. (t<ÎII,Er¡lHrÍ)
{

f r.q_true=Funa_tEuô_f req (t ) ;

#### #*** # f #* ##**##s#ti ** #s s **# f #f *s **# **#s *## #{t## *$# f *#f # *##f *lt ### # ### # # *###
# c€t 3-pha!e voltagê! (i{lth bårmoncl!) by cÊllLng functlon! lt
#
å ### #*#s ## # # ### lt *#s #f # li ##s #** # *#å f ## f ## # #** # # #* ## #f ###s #nnn u nnn u n nn ou n o nn*

Va=fn_rlgnal_a (t) ;
Vb=In_rlgîal_b (t) ;
Vc=In_slgnEt_c (t) ;

#
#
#



#**####{+####ll#########f ###{t###############s########f ####s################# ----"- 
#

# #fl {t #** * f# #* *#{r *s* #*# # # #* #* *f f $* * **#s **#*s{+ # *t* * #{t* ll ##{+ #** # # *# lt## *# *## ll##*
* Su¡¡måtlon ôf alt thr co¡le1atÍon producÈs
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ll sbtft th6 corrêIåtlon producc buff,êrs (or wLndow) oncâ #

*{t# # ll #{t lt ## # {t # # # il ##s ## # *{t# # # ll# ##{r {r lt #ll # # ## * f # # # ## # # ## s ## # # ## f # # tt # # # # # {r# # # ##

for (n=0; n<ND_OVER_2-1; n++)
{

Buf,fer_Vs_cor In l=Euffôr_Ve_êor In+1] ;
Bt¡ffer_Va_rln Inl =Buffer_Va_stn Ir¡+11 ;Buffe!_ _êôs InJ =Buffer_Vb_côs [n+11 ;
Buf,fôr_Vb_.InInI =Buf,fer_ _!Ln [n+1],,
Buffer_Vc_êôâ [nl =Buffer_Vê_côs In+l l ;Buff.E_Vc_!ln In] =¡uf,fc¡]Vc_¡in In+11 ;
)

tf (H:ND) M=0;

### #s ##* ### # ## #* ## f; *## ### f #*##{r# #s #s ## f # #### #### # ### ## {r# #f # ### # ## # # ## # # ##'#
# Câ1ëullte Èhe corrêlÃtiôn p¡oduët fo! the nÞ.t recånt l.nput 6fgnâ1r ## by rnulÈiplyfng voltagêr å¡d t,hê ref6.ênce coglna a¡d arnê curvea #

#
# #s * ### ##*#* ##*### f *#{r **# * # fl***# #* #* ## f * #*## ll ### ll ### ## ## lt# # # *## ### # ## # # # #

Buffer Va_coc [ND_OVER_2-l1=Vs*cos (2*pIr (M*ND) /ND) ;Buffer_V._rLr¡ [ND_OVER_2-11=Va'r atn (2*pI,t (MSND) /NDi ,.Euf,f.r_ _cos [ND_OVER_2-l1= *cþ! (2*pr * (M*ND] /ND) ;Euffer _ein [ND_OVER_2-l1= *rln (2*ÞIr (H8ND) ¡/NDi ;
:u:lei_Yc_êor tND_ovER_2 -11EVc*êô. (2rrpr,r (MSND) /ND) ,.Buffôr_Vc_rln I ND_OVER_2 - t ¡ =Vc*.tn (2 *pI * (!,t*NDi ,/NDi ;

M+=1;

rum_Vr_cor=o. 0,.
ru¡n_vã_61n=0 .0;
cum_ _cos=o.0,'
Eu¡n_ _aln=o.0;
sum_Vc_êor=o. 0;
su¡n_Vc_cLn=o . 0,.

#
#



#
tt######s#### ############################ ######*##### ### ### ####f ### #### ###

f, or (n=0,' n<ND_OVER_2 ; n++)
(

aúm_Va_coc +=Buf f ôr_Va_coa I n I ;
!u.ñ_Ve_sln+=Buf f cr_V¡_sln In ¡,'!um_ _êos+=Buf,f,.r_ _cos [nI;
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rr¡n_Vb_r in+=Buf f, êr_Vb_Bln I n I ;
I r¡¡n_vc_êo ! +=Bu ffet_vê_êo s In] ;
! ufn_Vc_r 1ñ+=Buf f er_Vê_6 1n I n 1,,
)

it ### ### * ## #{t # # #{t ### # lt # # f# tf# ## # ##* ### * # #{r ### ## # # ## ## # # # # ### # ### ### # # #* # # ##*
# Catculate the pha.e ânglê! of tbê 3 phasor6
#
s #f ## #ll *s# #* *tt #* #tt ##* li #f*#*## fl ## s t ##* *{# # ## f ##tt # # ### ## * # ##s # ## #### # ### # ##

¡ngl._r=Êt¡n (.um_Va_cor/runÌ_Va_!in) ;
Àngle_b=atan (!urÂ_ _êor /.um_Vb rLD),,
angl6_ê=àtan ( r u¡n_Vc_co r ¿/ s un_Vc_r in ) ;

# *## ##*# ##tt # ### # ### # # #* #f #å ## #*# # *#s # # # # ### ## ## ## ### ## # ### ## ## #### #s# # ###*
# l'lnd th. âveråg. of 3 pha6orer, å¡rgler
#
å *s #* ## ### * **# ll*s# ll#* # #*#* #f#{l lr lt # * *f #{ #{t{r #l} # f ### #tt# *### *## ## #tt # lt# # # ## # # lt#

angl._avô_cur!ent= (å¡gI._a+r¡gle_b+ar¡gle_c) /3,,

freq_E6t_curr€r¡t=50 . O+ ( a¡gl e_avê_cu r re nt - angl6_ave_l ae t ) *60 . O*ND,/2 . O,/pI;

# # ### *#*## #* #* ## ## #s* ##f ** # f #$ #** # ### f ### ### # ### ### li## ## ## # ll ### ## # # #### ##*
# df ,/dt llnLÈor
#
##t#***##**#f ##*f #**#{t#**##***#####s########f ##*######*####s#lt#f #####ll###

if (fêb. ( (freL.st_cu¡rcnt-f¡.q_crt_Ia!t') 
) >¡4AXDF)

f req_ôrt_currcnt=f 16Le cb_lâst ;

prtntf(,, tf CÊ *f Sf gf, tf \¡,', t, frôq_true, f!eq_â.ù_curr€nt, va, ,vc);

f rêL.rt_la.!=f r€q_est_surrent ;



ångLe_ave_Iaat=angIE_avâ_currênt ;
t+=1.o,/ND,/60.0;
)
)
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###lt##############f#######tt######f########## #########*########### ##$####*

Purpoa.: fhis progtajn gêneratqa random nunb€r

Råforance: NuÍFrlcal Roclper ln C

#
#
#
#
#
#

# {l ## # ## # {t# # # #{l # ll #{lll *ll# it{} # # lt {r # # ### n ## # # *## ## {r # ### # *# ll # # # {+ # # * # #fl # ## # # # # # # ##

#dâflne t'11 2592 OO

#dêflne rÀ1 71{ 1

#dêfinê IC1 54 7?3
#dêftnê Rl,l1 (1 . 0/M1)
#d.flne t{2 13¿ ¿5 6

#dâftr¡c IÀ2 8121
#d.fin. Ic2 28 ¡r 11
#deflne RM2 (L. O /tÀ2\
*d.fin. H3 2 {3OOO
#dâfln. fÀ3 ¡15 61
llderine lc3 513d 9

float !an1 (ldun)
lnt *ldun;
{
statLc long ix1,1x2, tx3;
.tatlc floÈt rf 98l;
floÀÈ tei¡l¡r,.
.tatlc 1nt lff=o,.
1nc J,.
void printf O ,.

tf, 1*1¿*n < 0 | | lff == O) (

1x1= (rcl- (*tdurn) ) I Ml;
txl= (IÀl*tnl+Icl) * Ml,
!a,2=!s.L $ U2;
i¡r1= (IÀ1*t¡rt+Icl) t !t1;
ln3=1r.1 * 1,t:,,'

for (J=1; J<=97; J++) (
1rl= (IÀ1rl¡.l+rcl) * ¡(1;
tx2= (IA2*tx2+IC2, \ ùÃ2 ì
rI J] = (1x1+tx2*RM2] *Rllrl.

)
*lduln=l,'

)
tx1= (IÀ1*1.¡r1+JC1) C M1,.
lx2= (IA2*1¡.2+IC2') \ ti2 ì
tx3= (IÀ3*tx3+IC3) I !.{3,.

J=l + ( (97*1x3) /!,13);
if (j > 97 ll J < 1) p.intf,(,'RÀN1; Tbir cånnôt happên.',),.
t'ô¡r¡¡t=rIJl'
! [ J I = (1¡.1+1s2*Rld2) *RMl,'
retusa tôFtp;
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)

#undef Ml
#undef fÀ1
*undêf IC1
#undêf Rt'11

#undêf M2
fundef rÀ2
#undôf IC2
llundôf Rt'12

#undef !,t3

#undôf fÀ3
*undôf IC3
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######################f ###f ######f ######s############# f ############## ####

Purpos.: Tbis progrêm g6nerate6 the caussr.å' Dlstrtbut.d Randonì No. i
Ref,êrèncâ i Nuriêricâl Rêc1pe6 ln C

{t
# ## # # # # # ## # # ## # # ## # ### # #{+ # ### n *## # ## # # # # # #s # # *# # # ## # # lf # # # f # # # # # # Ë # # # # # # # #

#include <rnath. b>

floåt ga.dâv (idum)
int *ldum;
(

rtatlê Lnt lrât=o;
âÈat1ë ftolt, Elet;
fLoat f,aê, r, vl, v2;
float rå¡1 O ,'

if (1sât == 0) {
do{

v1=2 . 0*ran1 (tdun) _1. O;
v2=2 . 0*ran1 (idur¡) _1. O;
r=v1*v1+v2*v2;

) r{btle (r >= 1.0);
fac=rqrÈ (-2 . 0*IoS Gl /i\ ì
g.et=v1*fâê;
i.set=1;
return v2*fâê;

) ê1!o {
irôt=0,.
rôturn g.âÈ;

)
)

#
#
#
#
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######## ########tt###fi######*#t+#### #######*####### ##*tt## ###*# #####fi#######
#
# Purpose: Ihls progrâJn estlmatås the signEl fr€quency ueing modif,ied
# Discrele Fouri€r f¡ansform tecbniquê.
#

fnput: simutatêd 3-phEsâs voltagês
Ouùput: êstLmated frequêncy

Sl-gnal conponent,: purê 60 Ez
+ Gaus:laan Dígtrlbutêd random noísâ

#
######lt*##{ilt######################f #f ########f ########*##############*###

#
#
#

#
#
#
#

*

#include <stdLo. b>
#tnclude <rnêth. h>
#lnclude "n¡. h',

*d.fI¡e ND

lld.fln. ND OVER 2
#d.ftnô PI
lldaflne À{ÀG

{ldåfln. PEr À
#dåfinê PEI-B
#d€flne Pgr_C

#d.fine TSETÀ À
{ld.f,in. TSE!À-B
#dåflnô TSET;-C

{ldeftne IIMELIt{Ir
#daflnc I{ÀXDF

/* hêadêr */

32
ND /2
3. 1{ 1592
1.0

0.5
0.1
-1.785

/.* no. oE .ErÌp1.! tâken pêr êyc1e */
,/* half, wlndow calculâ.tlon

f ## f ### #** #{t r## #s# #*# ## l}* # f # *# ## fl #### il ####{r t} ##*# **{t# ** #{f *# # f ### ## #* ## # # ##
{t
* Pur¡rose: Tbl. functlon cl1culate tbe bruê fr€quency of the Lnput* atgnal
#
* Ilput: tlm. 1n s.cond!
* Output: truô frôquenclz

t¡ue frêqr¡ô¡¡c = 60.0 Sz

/* ¡nåEnitude of thâ voltagâ */

/* arbitary ångler ehos€n so that *,/
/* curveg å!e contLnuoua at */
/* trangltLon */

/* phaae engle dLff, 'tl/* lor 3 phÀ.ô! */

/* 6imu1åtion ti-mq */
/* LO Bz/..c max. cha¡qê */

fort<0
0<= t <=0.375 6âc.
0.375 < t

0.0
TEE!Â_À+2 .0*PIl3
T!ETÀ_À+{ .0*ÞIl3

0.5
10 . 0,/ND/ 60. 0+0 . o1

= tLne vrrying
=60.8 Ez

##{t#f##f######*#f#######*#f#s##{+f###*tt###################################

doublâ Fu¡c_truq_freq (t)
double t;
{
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double true_f¡eq;

if (t<0.0)
true_f,rêq=60 . 0,.
ê1sê lf ( (t>=0. 0) eÊ (r<0.375) )
t¡uè_f,rêq=60. 0-0 . 8* sin (4 *pI *t ) ;
e16ê
t!uE_f!eq=60. 8;

rêturn (truê_frâq) ,.

)

# t t ## *# f ## # tt {t##tt {t## ## # # #f lt # ## #### # ## tt # ## # ### ### ## ## # # # # f ### # # # ### # #s # # # # #It
# Purposê: Thêse 3 funqtLonB aLmulatês tb€ lnput 3_pbåsês volt,ages
#
# fnput: ÈLíiâ Lri 6€êonds, extêta1 random numb€r Eene!êtl-ng functlon{l oubpuÈ: 3-phasô volt.age rLgnal + câusalan !ånd;m nolsô
#
*## #{t ## # #s ## f # ## # # # ### ### # # f# # ## # # ## # #### # # # # ### ### tt## # # ## # *## # ## # # ## # # ##

doublê In_sfgnâI_å (t)
double t,.
(
doublc 6ignal;

lf (r<0 . 0)
rlgaal=.1n (2 . 0*PI * 60 . o*t+pEI_A) ;ôIre Lf ( (t>=0 . 0) eÉ (r<0. 37S) )rignåI=.ln (2. O'tpI * 60. O*t+0. ¿*cos (4*pf*t) +PBI_B) ;tl ae
lLgnål=sÍn (2 . 0'tÞI* 60 . O*t+2 *pJ*O . 8*t+pEI_C) ;

rôturn (.lEnal) ,.

)

double In_r1gnat_b (t)
doublê t,'
{
doubk.lgnal;

tf (r<0.0)
.ignaI=.ln (2. 0*pI*60, O*t+pS!_À+TEE!À_B) ;e1!. lf ( (t>È0.0) Êr (r<0.3?5) ).Lgnrl=rl¡ (2. 0*Pf* 60. O*t+O . {*co! ({rpf*t ) +PEI_B+TSETÀ_B) ;a1!e
.I9na1=s1tr (2. 0'tirI*60. Oit+2*pI *O . g*t+ÞEI_C+TEErÀ_B) ;

rôturn (.19nå1) ,.

)

double In_llgnat_c (t)

#
#
#
#
#
#
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doublâ t;
{
doublê slgnal,.

tf (È<0 . 0)
aignal=sin (2 . 0 *pI * 60 . O*t+pEI_À+fSEfÀ_C) ;êIse 1f ( (t>=0. O) Ee (t<0.3?5) )
signal=Bio (2. o*i'I*60. O*t+0. 4*cos (4*pX*t) +PEI_B+TEETÀ_C),
ê1¡e
Efgnâl=sln (2 . 0*ÞI * 50 . O*t+2 *pl *O . I *t+pEl_C+TEEtÀ_C) ;

¡eturn (r1Enàl) ;
)

# # # # # ## # # # # # ## # ### # ### # ## # # # # # # # # # ## # # ## s #f ## ## # # ## #### #s# f # # # # ## # # # # ## f s
#
# MaLn Prôgrarrl starts #

.#
##* tt ### * ## # # #tt ## # # # f# ## ## # # ## {t #s f # #ll ## # # # ### #s# # f ### f # l+s ## # # ### # f # # ### # ##

Íråln ( )
(

inC n, M;

1"o:1" Buff,êr_vå [ND_ovER::_l1Bl:f r_ [ND_ovER_21 , Buffêr_vc [ND_oVER_2 ] ;
1""11" Buf f .r_va_cor [ND_9VER_2 l, suirer_v; srnlNo ovsn_z I ;
:.u:-" Buff,.r_ _cor [ND_ovEg_21 , auffer-vb-ein ino-ovrn z ¡ ;
l"r:J" Buff.r_vc_cos [ND_ovEl_21 , susfer-V{ctn IND-oVER_2 ] ;
:"":1" Funê_t,rur_fraq O ,-ra_eignat_a ( ¡ , in_irgn"r_E 1¡ , I-n slgnât_cO;
1"u:1. t, f ¡.eL.st_tast, f roq_cat_cirr."t, ?r"it"rr-";doubl. vå,Vb, Vê;

1"":1. rum V!_êoð, .uE_V8_.Ln, su¡n_ _co.,8u¡n_ _.Ln, lu¡n_Vc_cor, run_Vê_sir,.doubLê ?19I"_"1 ångt6_b, ångle_c, ãgr-e_ava_tãat-, angf e_aie_ãurrenu ;lnt fduÍF (-16) ;
doublo noLre_a, noise_b, nola€_c, noLsâ;

#s**#ff *##* ft #s* #* *f* # * fls å* *fs *#f ##* t # ltf lt ##* fl *f #s ** ##* *#tt* ## ff *## f ### # # ##*
* fnltltiz¡ÈloÀ of varlrbl.. #

ta

# f f #* ## #s* ## *tt #s ## # #fl Ëf #f # ### f *s ## f ##* ## #*# f #*#f lt ### ## #* ## ## ### lt # ## ## ## ##

M=0;
t=-0. 05,
!req_êst_last=60 . 0,.
ångle_av6_1âct=0 . 0;

Prlntf("hollo\n");
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##$###tt#s######tt##*ts####{ls#tt#s############## ########s#### #########{### ##
#
# lnttLllzatlon of, Buffer6
#
# ## # # # ## #* # # ## {r # # # # {t# # ## {+ f # ## # ## # f, # * # # # # # ## # f ## f # # # # ## # # # # # # ## # ## # # f # # # ##

for (n=0; n<ND_O!¡ER_2; n++)
t
Buffôr_VÀ_eo! [n¡ =0. 0;
Buf,får_Và_llû [n] =0 , 0;
Buff,êr_ _cosfnl=0.0,'Buff.!_ _rln In l =0. 0,'
Buf f, et_Vc_coa In I =0. 0;
Buffer_Vê_sln [n] =0, O;
l

### # # *# {t ### ##t} #* #tt #*# fl # t}{t tt # *# # *lt # # # # ## ss # ## # f ##å *## # ### # ## # # ### ## # ### # # ##
#
* tthtle roop
*
# #* ## #lt# *## #ff *# #t #**tt #å# * #{t** #f # f f{ f * f* f f f * # #f # f ### ## * fl {+## # # fi # ## # # ##$ # # #

whtlê (t<IIMELIttIT)
{

f r6q_t'¡uâ=t'une_t ruâ_f !êq (t ),.

# ### lt*# #s# #* f ####*# f f ## #f ## #f #*#* ##f # f f # #{+*# # #lr# # #* # ##lt #{# # # ## # #lt # |t ## ## ##
#
* c.¡¡crata CrulsLa¡ ra¡doB [olr. by cålllng .xternâ]. functlona,# gaodev. o
*
#ti# #* ### *#* f ** # *f f #### *{**f #*###s # # #* # ###### ##*# ## #f ### ## ## # li### ## # # ## # #f f

nolre_a= (Eêrd.v ( Etdr¡¡n) ) ,/200.0,.
noLr._b= (ga.dôv (Éldu¡ll) I /2OO .O;
noir._c= (gâ!d.v ( eldr¡¡û) ) ,/2OO ,0,.

/*såmô nofle !o! each phå.er/

nolr.É (gasdev (e1duñ) ),/20. O;
nôlË€_â=nolsa,.
¡o16._b=noise,.
aolse_e=noLrô;

#
#
#
It
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# # f ## ## # # # ## # # # # {t # # ## ll # # # * # ## # # f {t # # # # # ## # ## # # ## # # # # # # # # #s# # *### # # # # ### # ##*
# G€t 3-pbasê voleagêa by cålltng funceions
#
* # # # # s## l* # # # ## # # ## # ## # # s fi # # #* # # # ## ## # # ## # ## # # ## # # # # # # # # # f # # # ## # ## # # # # # # # #

Vå=ln_.19nå1_a (t ) +noL.._a ;
Vb=In_Elgf¡ãl_b (h) +noLce_b;
vc=In_¡lgnal_c (t ) +noisô_ê;

# #* ## ## l+ #* # ### fl # lt# # ## # f *## # #tt ##* * ### # # ## # #* #å ## # #### ### # ### # ## # ## ## ### f ###
{l Shtft the eolrêlatlôn product buffêrs (or wi¡¡doir) once
t
*### * #s ### {t *#*# *## # ## *# ##{t *** f *# lt # #*|l ### lr ## * # # # * {t ### # # ## # # ## f# ### # * ## # s ##

lor (n=oi n<ND_O\¡ER_2-1,' n++)
{

Buff.!_V¿_êo. In ¡ =Buffer_Va_cþr In+1] ;Buffc¡_Vt_lln [nl =Buff,ôr_Vc lLn [n+11 ,,Buffêr_ _cosIn]=Buffer_ _co. [n+1] ;
Buffer_Vb_rLn In I =Buffe¡_Vb_stn In+1] ,.
Buffôr_Vc_cor Inl =Buffer_Vê_co. In+11 ;
Buffer_Vê_aln In ] =Buffer_Vc_slD In+1] ;
)

tf, (M:ND) t{=o;

##########*####*å##**#ft##lt#######{t###å###n*######tt#lt*###*#########ff####
*
# CalcuLat. th. cor¡elåtLon product, for th. Íiost recenC ¿nput rLgnatr* by nulÈlplylng voltager å¡d thê refârênce êosinâ å¡cl sine cu¡ves*
*###ll##s#s#s###*#f#*##**s**f{t***##s*#f#*fss######s#######*############*##

Buffer_Vâ_co. IND_OVER_2 -1] =V¡*ç6s 12 *pf* (MtND) /ND] ;Euff.r_Va_rln [ND_OVER_2-1] =r/¡*.tn (2*pI * (MSND),/NDi ;Buff,er_ _cor [ND_OVER_2 -11=r/b*cor (2*pI* (M*ND) ¡/NDi ;Buff.r_ _.in IND_OVER_2-11=Vb* âtn (2*pI * (X*ND) ¿/ND) ;Buffer_Vc_cor [ND_OVER_2 -1] =Vc*cor (2*pI * (M*ND) /ND) ;
Buffer_Vc_rLn IND_OVER_2 -11 =Vê* rin (2*pf* (M$ND) /ND] ;

¡{+=1;

ru¡n_V¡_cos=o. 0,.

#
#
#

#
#

#
#
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6rün_Va_siû=0 . 0,.
!urn_ _coê=o.0;
Bu¡n_ _sln=o . Q,.
auÍl_Vê_cos=0 .0;
auJ0_Vc_ain=o , 0;

It ## ## {+## ltf # # ### ### # ## tt tt #tt # ### # # # # # # # # # # Ë # # # ## ## * # # # * f# # # f # # # # # # # * # # f# f # # #
#
# Su¡tmâtlon of aLl tha corrêIatlo¡¡ products
#
### #{t *lttt {fll # * ### *lt# ### #* fll # {l*lt tt #lt # rf #* {t {ts# # #tt *s ## {t s # # #s# tt #{fir # # f s # ## # #*## # # Ë

for (n=0 i n<ND_OVER_2; n++)
(

r u¡n_Vâ_co r +=Eu f fer_Vr_co s [ûL.
. r¡¡n_Vâ_s l n+ =Bu f, f€ r_Vr_. i n In¡ ,.
rr¡m_ _eo!+=Bu!fet_ _cos [nl,
.u.nr_ _rin+=Buffor_Vb_6in In] ;
sum_Vê_coa+=Buf f er_Vc_cô6 [n j ;
! u¡n_Vc_s in+=Bu f fer_Vc_r 1n In] ;
)

* ## f #{ f #f# i{t få #f #tt* #lt* ###n lt #f; # tt* tt #### # ## *sf fl tts# f **# f; *f #f ## * f ##$ ## # # tt # # # ##*
* Càlêu1¡tô tb. phsrc englcr of, the 3 phesor.
f
##* # lt *#tt ##* ##*# * fs f#f #s *#s #*# f *# * f # f {t* ** tt##{+# ## *# ## * ## # # tf# # # #f ### ## ## # #*#

8nglo_å=atân (.un_Va_cor/.uñ_Va_!in) ;
anglo_b=atan (sun_ _cos/surn \tb sln);
angle_c=atcn (rum_Vê_cos/.un_V .ln),.

# lt ## f {r# ll #{+ f # ## f * # ## # # # #å# f, * #lt #*## ##ll #f # # ###* # ### ##f ### ## ## #### ### # #*# # # ###
# Find the å,vôrâgê of 3 pharorôs, anglês
*
# #{r# #{t* # f * f s ## * f ### f ####* ## ## *#*# #å## # ##* ##s #{r# {t #### ## #s # # ## ## * #s # ### # # # #

ångle_!ve_curr.¡¡t= (a¡¡gIo_a+a¡gIô_b+¡nglr_c) /3 ;

froq_ert_currâDt,=60 . O+ (â¡916_¡v._êurrênt-.¡glê_avc_Iå!t,) * 6O . O*ND,/2 . O,/pI;

##* #* ## * #ti * #*tt* ### *lt# f * f * ## *## ## #* #s #### ll #### ## #* ## ### # ##*# ### f #* # ## # # # #f
#
# df ,/dt llmltor
{t

#*##*s#*s###å**####*#*#s*#*##*###*f###**####f#########*#######s##########

fr

#
#

f
#
#

#
#
#
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tf (fàb6 ( (frêq_ôst_curlent-freq_est_1a.e) ) >MAXDF)
f ¡eq_est_cuttent=f req_âst_las¿ ;

prfnUf(" *f *f, *f gf, tf gf.*f, gf gf\n " , t, freq_truê, frêq_êat_cur¡ent, Va, ,Vc
, noLse_a, nôisê_b, noLse_c) :

f ¡êLâBt_Ia.t =f râq_ê at_cu!r€nt,.
anglê_avê_1aat,=aDg1e_ave_curronh,.
t+=1.o/ND/60.0'
)
l
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########### ##*######### ##f;##*##f ############f ##########s###s## ##### ### s###
# Purpose: Tblc progren .stL¡netôs tbe signal f¡equâncy using nodi.fted# Dircretê Fourler Trånsform technlquê.
#
# fnput: sinulatêd 3-phàsês voLtågês
# Out'put': êstir¡^ãtêd f¡êquency
#
# slgnâI coÍtE)onent: Þure 60 Ez rlgnat wlth _90 dêgree
t pha.o rhLft o.,"" orr. cy"le -
#
# {r#s {r ## # ## ## ## # *s# # ## ll *# {+ ## #* t} {r# # # {}# #ll #f #{t# # # lt# # # # # # ## # # ## {r ### # # # ## # # # # *#

finctude (atdio. h>
#include <nåth. h>

*
# Inpuer tfin ln a.eonds
ll Oulput¡ true frcqueney
*
# tru. froquenc = 60.0 Ez
*
f#*########**####t+###*#*#n#ll*####*#*#*n#####*##############lt#f###########

doubl. Funê_tru6_f râq (t)
doublê t,,.

{
doubl. Èruê_frâq;

lld.fine ND 32 lt ^o. oî. såJrE Iês tak.ô per cycle */#d.ftne ND_oVER_2 ñD/2 /* half wlndow c¿lculatlon t /#doflne ÞI 3.1¡¡1592
#d€ftnê Må,c 1.0 /* rnagnJ.tude of the voltage */

#d.flnô PEI_À o.o /* arblt,ary ång1ês cåo.en so tbat */{ld.ftrô PSI B O.O ,/r curve¡ lre concinuou¡ at */#d€ftnê PEI_C O.O /* tran.LtLon */

#dåflnc TEETÀ_À O.O /* pbaae ång1e dl,tif. */#d.ftnô TEETÀ_B TEETÂ_À,+2. O*pIl3 /* ior 3 phaaea */lld.flne IBEIÀ_C T!ETÀ-À+¡¡. O*p¡,/3

#doflne TIMEI|IMIT 0,5 ./* aLmulatlon tlmê */#d€flne MÀXD!' 10.0,/ND/60.0+0.01 /* Lo gz/sêë, ña¡r. changê */

###*#**##*#*#s###*s##**#*##**f****#*f##*##n#*###*#############*#*########
tf
$ Purpoae: ThI. functio¡ êalcuLåtê thê tlue frequêncy of thê tnput j
* al.gnal
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tf (r<0. 0)
t,!ue_f req=60, 0,.
else Lf ( (t>=0.0) E& (r<1. O/60. O) )truê_frêq=45. 0;
ê1sâ
t!ue_f!eq=60. 0;

r6tu¡n (truê_f!êq) ;
)

# ##lt # # # # ## # ll *## {l #lt f #{l ll {t ## lt # ## lt # # lt lt # it # it ## * # {t * # ## f # #####lt*#f###it### ## ######{t
$ Purposc: thesê 3 funcbl-ons simulatês the tnpue 3_pbarêr voltagea
#
# Input: tLnìê in 6econds
# Output: 3-phase voltage rignal (godEg. phåse sblft oveE 1 cyêIe)
#
## t| # ll *## # f # {t # # {+{t ### f # ## #ll # # # # # n# #### # # n # ### # # #s ## *## #$ ## #{r# # *# {t l+# # # ### # ##

doublâ In_signal_E (t)
double t,.
I
double slgnâI,'

tf (r<0. 0)
slgnêL=MAc*.ln (2 , O*pt*60. O*t+ÞEI_À) ,,elce Lf ( (t>=0. o) É E (r<1. O/ 60. o) ) 

-
algnal=ldAG*lln (2 , O*pf,r60. O*t_30 . O*pI*t+pEr_Bl ;êlaê
afgnal=MAe*sin (2 . O*pI'r60. Oit,-pf/2 . O+pF,t_C,t ;

rêtu!n (slgnâ1) ;
)

doublô In_sign¡t_b (t)
double t,.
{
double rlgnat;

if (r<0.0)
signaL=MÀc*sLn (2 . O*pI * 60. O*t +pBI_À+T¡ETÀ_B) ;.kô Lf ( (r>=0. 0) Ê¡ (r<1 . 0/60. o) ) -
rignå1=!G,C*11¡ (2 . O*ÞI * 60 , O*t-30 . OrÞr'rt+pgt_B+fEETÀ ,B) ;el aa
rlEnal=!o,G*r1¡ (2 . O*pI * 6O . O*t-pf ,/2 . O+pSI_C+TSE!À_B) ;

râturn (.lgnaI) ,.

)

double fn_rtgnal_c (t)
doubl. t;
{
doublê.Lgnal,'

#

#
#
#
#
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lf (r<0 , 0)
.LEnal=MÀC* rLn (2 . O *p¡ * 60 . O*L+pEI_À+ISETÀ_C) ;
e1sô 1f, ( (t>=0.0) eå (r<1. o/60. O) )
rlgn¡l=MÀC*sfn (2. O*pI*60. O*t-30. O*pf*t+ÞEI B+TEETÀ .C) ;ê1!e
signåL=MAc*sin (2 . O *pt * 60 . O *t -ÞI ¿/2 . O+pEI_C+TEEÍÀ_C) ;

r6tuln ( signal) ,.

)

# *#s #tt# tt ## # #*#{t #ss ### ## #f # # ## f {t * # tt {t# ## # # # ## # # lt# # # {t# # #*# #### # ## # ## # # # # # # # #
#
# tlaln Þ¡ogrâln starts #

fi#
* # # ## #** # {t #* {l##s ### #{l # # ll lt lt# ll lt # ## # # #{t # # ## # ### # #{t# f {t# # #s # # f # # # # # # # tt # # s# f # ##

riåtn o
{

lnt n, Mi
double Bulfcr_vr INÞ_o**=l]:":Íf:r=yb INÞ_ovER_21 , Buff.r_vc [ND_ovER_2 ] ;
1"":1" Buff.r_v¡_ê.or IND ovER_21 , Bu;fe;_v; s rnïNo_ovpn_z 1 ;
:"":J" Buffer_vb_co! [*_9*l_r l , euffer-Vb-atn iND-ovER_2 ] ;
1"":." Buffer_vc_eo. INO_OVE¡_Z ¡ . Suffer-Vc-ein ilro-OVen_Z ¡ ;doublê Func_tlue_freq 0 , In_afunar_a ( t , i"_ãfg""l b1¡,I; stgnal_c();
|"ull" t, frêq_est_tåst, freq_crt_curr"nt, ãreq_Cr-ue ; 

'

doublê Va, Vb, Vc;

::::i: lli_I" "":, ":nr_yâ_!Ln, .un_ _cos,sum_ _€1n, runr_vc_eoa, sum_vc_sLn;c¡ouÞ¡ô anglê_a, anglê_b, angLê_c, a¡glê_åvê_laat, angle_ave_currên!,,

##*####*#*####*f##f###*#*#*#*#fl##*s###########{t#lt#*#ll##tt#####*###########
#
# I¡¡ittlízêtion of vårlsblâå
#
#lt###*#*#f#s*#*######*#*##*#*#f##{t*#############lt########################

H=0;
t=-0. 05;
frêL.!t_l¡st=60. O,'
sngl._¡ve_lEr!=0. 0,.

pllntf,("h.Ito\s') -

s###f##*i*##f##*#f###*#**###*s##*###fti#*##f*fltf#*##*#*s#*####*####*######
##
* fsltitlzatLon of Buffêr.
"#

#
#
#
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#{+tt##*#{+####s#s####tt###### #{t#### #####*#l+#f#######s## ####*########## ######

for (n=0,.i<ND_OVER_2; n++)
{
Buffe¡_Va_cos In] =0. O;
Buf,fê!_Va_8in In] =0 . O;
Buffer_Vb_cos [n] =0. 0,.
Euffâr_ _s1n [nl =0. O;
Buffer_Vc_cos [nl =0. 0;
Buf,f.r_Vc_cln [n] =0 . O;
)

# ## ## ### ### {t## ll # ## # f# #{t #f # # # f ### # # #{t# # ## # # # ## # # ## # # # ## ## ## # # ## # ### # # # # # ##
#
ll whtre loop
#
# ## fl lt tt f # fllt #tt ##lt # f# lt ## lt # lts lt f fn # # tt # # tt tt # #lt####f#####f#fl####{t###ff##{i## #{+# ###

irhlle (t<TIMÈIJIMIf)
{

f r.q_true=l'unc_t,¡"ue_f, ¡åq (t ) ;

# #* * # ** f*# ll# #f * f ll*{l #{+ lt # s* f #*# lt # tt #* #{t # # ts tt *## ll##s tt### *lt# t}#tt # #{t# #{t# {t# #** # ##
#
# Get 3-phaae voltagê. by êåLltng functlonr

### # # ### {+# f #*# #* {+#* ### f ### s *l|* *## ###* f ## * f * ## ss #* # f # f # #{+ #s {+ # # # # ## # # # # * # ##

vâ=tn_.LEnal_ê (t) t
Vb=In_rignal_b (t) ;
Vc=In_clgnal_c (t) ;

lt #* *# #ltå ##s ##{r #* #f # *#** ### fl ### lr** ***t å ## # f# #{r fl* lr# #s #### ### ## ## # # f # ### # # ##
#
# Sbtft thê êorr€Låtlon producC buffers (or irfndow) gncâ
#
*##* *lt* #** * * *s *s **$ *#* #*** **## #{t #***lt #*#* ## #* *# ## ## # ## ** #s ## #t}# ### ### ## ##

for ( n= 0 ,. n<ND_O\¡EII_2 - 1 ; n++ )
{

Buffe!_Vå_êô! [n] =Buffer_Va_cor [¡+11 ;
Buffe¡_Va_rlD In ] =Buff€r_Vå_rln In+1] ,.Buffe¡_ _cor In] =Buffer_Vb_c€s [n+l l ,.

Buff.r_ _rl.n In I =Buffer_Vb_sln [n+11;
Buff.E_Vc_co! [n] =Buffâr_Vc_co! [n+1] ;
Buff.a_Ve_61n Ini =Bur-f€r_Vc_!tn In+11 ;

*
#
#

#
#
#
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)

if (M-ND) M=0;

# ## ## *# # ## # # ## # f; #lt # # tt # # {r# ## ## # ## ## # # ## # # # { # # # ## # # ## # # f # # ## # # ## # ## # # # # # f # #
#

# Calculatê thê corr€lâtion produst for ëhê most râc€nt l.nput .1gnå1s# by nuttfplylng voltagâs and. tb€ rêf,erênce coalne å¡d alne êu¡v€.
#
### ## # # ##{+ tt # ## # # ## # ## # * # # ## ll tt *## f #f {r # # ## ### # # # s # # # s # # # # # ## # # ## # *# # # ## # # ##

Bu f fe r_Vs_co a [ND_OVER_2 -11 =Va:r cþs (2'rpI * (MBND) /ND) ;
Buffer_Va_rLn I ND_OVER_2 -11 =Va* ltn (2 *pI:r (MtND) i/NDi ,.Buffcr_ _co6 [ND_OVER_2 -1] =Vb*eos (2'rp¡r (M*ND) /ND) ,Buff.r_ _.ln [ND_OVER_2-11' *.1!r (2*p¡* (t{gND) /ND) ;
Buff6r_Vc_cos [ND_OVER_2 -11 =Vc:r êo. (2*pI * (MSND) ,/ND) ;Bu!f.r_Vc_rin IND_OVER_2-1] =r,16* rln (2*pI * (U*ND) /ND) ,.

M+=1 ,'

#

#
#
*

5r¡¡n_Vå_cor=o .0,.
.r¡Jn_V¡_rln=o. 0;
¡r.n_ _cor-o.0;
ru¡n_ _aLn=o ,0,'
su¡n_Vc_cor=o . 0;
!u¡n_Vc_.ln=o .0,'

# # # ## # s ##* * # ## # # lr f # *#$ *t# f *å* # #*# #{+# * f *## ## # f ##ll #### ## # ### ## # # ### # # f f # # # #tl
# Sut¡E¡åtioa of alt thô êorrelatlon producèr
{t
It ##* #s{t * ##* ###f #{r*å #*# f ##* f ##* lrf fl # lr* # {r$f #*# f # ## #* ## # ## ## #lr # # ## # # t}# # ### ###

for (n=0 ,' n<ND_O\¡ER_2; n++)
{
lu{n_Va_co.+=Buf f er_Va_êo! [ n I ;
ar¡¡n_Va_alD+=Euf f ôE_VÊ_!lt Inl,..r¡¡¡_ _co!+=Buffôr_rtb_co. InI ;
tu¡n_ _!lÂ+=Euf fer_Vb_!lÂ [¡¡,,
r u¡n_Vc_êo r + =Bu ffe r_Vê_co. Inl t
r u¡n_Vc_! ln+=Bu f fer_Vc_r in Is] ;
l

###s #t* # #*# ##** # *** #** f ### # ##* # f f * $å fl#*å #*# *# f f s# #* # ## * # #*# #### ### # ## # #s#*
# calculata lhe pbale snglâs of tbe 3 phåror!
*
#lt#*#å*f##*#*###*####{+###*##*###f#fl*}***###{t##lt#####f#*##*######tt########

ângLe_å=êtan (rum_Vâ_êor/rutn_Vå_riD) ;

{4

#
#

#
#
#
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ånglê_b=atan (sum_ _cos/Bum_ _6in) ,.

angle_c=at,an ( s um_Vc_co !,/ s u ¡n_Vc_s 1n ) ;

#t t###########tt#########{t##tt######*###å####################### ####### ####
#
ll l'lnd Ëh. åv6ragâ of 3 phasorêa, å¡gles
s
# #tt ll # ll tt # ## # # ## # # ### ### # # # {t# tt# * ll# # # # fl # lt # # # #* # # # # # # # # ### # # ## # # ## # ## # # ## # # ##

anglE_avå_cur!ênt= (å¡ g1ê_å+a¡glâ_b+an gI6_ê),/3 ;

# ### # ## * ## # ##s # # # f tt ## # # ### #{t# **# # # ## # # ## ###s # ### # ### #tf ## # # # # # ## # # # ### # # ##
#
# EstlnåÈe tb. frôqueney of lnput signal
li
# lt# #lt # # # ltlt ## ## lt lt## # ## lt # ll lt #{t # #tt ## # tt #{t #s ## # ttf #### #### # ### f##{t ### # ## # # ## f # # #

f,rêq_est_cu!rênt=60 . O+ (a¡gtê_ãvê_current-a¡lglê_avê_last 
) ,r6O . O*ND/2 . O,/pI;

lf (få¡tr ( (f!€q_êst_current-f,rêq_êrt_tast) 
) >MÀXDF)

f ¡.q_ôst_êurrâôt=f rôq_e 6t_1,ast,.

prlntf(" tf, gf, cf 8f Cf *f \n,', t, frêLtluâ, frêq_ârt_êur¡.nt, Vå. Vb, Vc) ;

f !eq_ôst_lê!t=f !.q_ôst_currônt,,
angle_avi_last=angIe_avâ_cur¡ânt ;
t+=1.o/ND/60.0-
)
)

#
#
#
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#{+####{t#####s#it##tf##########lt################ #################s## ########
#
$ Purposa: This program e6tLrnåtea tha 6lgnåI f,requency ustng modlfLêd# Þi6c¡êtê FôurLer T¡ânsfoãlr tâêbniquâ.¡
ll fnputt .1nu1atêd 3-phases voltagêa
# Output: êaÈinåe6d f,rêquency
#
# Slgna1 coÍq)onônt: purô 60 Ez signå1 wlth SO$ någnLtude drop# at timâ =O*
#######s####################*########s#######*#s############f############

#
#
#
#

#
#
#
#
#

lltncludc <rtdlo. b>
*Includ. <måth. b>

Sdcftnc ND

#deflne ND_O\æR_2
$dcfínc PI
#deftne MÀG

*d.flne PE¡ À
#dåflnc PSI-B
#defin. PEI_C

#dâflne ISETÀ À
#d.ftn. IEETÀ-B
#<t fJ.nô TsETit

#dâfInê TIMELIMIT
#d€finê MÀXDF

/* header */

32
ND/2
3. 1{1592
1.0

0.5
1 .28
1.28

0.0
TEE!A_À+2 .0*ÞIl3
!EETÂ_À+¡l .0*pIl3

0.5
10.0,/ND/60. 0+0. o1

/* no. of 6êtnp1âr ta}<en pâr cyêIe */
/* half, wfndot{ cålculation r/

/* magnitude of th6 voltaE€ :r/

/* erbitary ânglêr cbôlen ¡o that */
/* êurvê! â!e contlnuou! at */
/i tran.lt,lon */

/* pbase angLê diff. */
/* for 3 pbarca */

,/* simulåt,lon t,imå */
/* LO Ez/ sec nå¡., c¡ångê */

# {t{l# #s## #lt lt{t #* #{t ##* lt# ## ## # f; #f lllt# # #f## {t#*{f #{t# ttf # f# lt{t {tf*{t tt{t# {t *## ### # #### # f##
# Purporô: Ihlr funêtl.on cålêulate thê tru. flequenêy of, tho l!¡put{l eiEnal
*
* Irputr lfne Ln aecoDda
# Output: true f,¡€quênc!¡
It
f Èrue frcquenc = 60.0 !z
*
# #* # # #* **s * f r* * # fls #** fl *s# *##í * ## ## #fl # # #n* ## * f ##* # n# # *##### ## n# t ### ### # # # #

doubl. Func_Èruô_f rêq (t)
doubl. t,.
{

#
#
#
{t

#
#
#
#
#
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doublå true_f ¡eq,.

if (r<0.0)
truê_f,rêq=50. 0;
else lf ( (t>=0. o) Êe (r<0.3?S) )
Crue_frêq=60 . O;
el se
t,Euê_freq=60, 0;

refurr¡ (truê_f,râq) ;
)

$ {r## ### # ## # ### # # # # # # # # lt ## {+ tt#* # ## # #{r# * # #*# # # # f ## # f # # # ## # # # {+ # # # # # # # # # ## # # ##*
$ Þurpose: Ìheaê 3 funcbions simulatês the input 3_pba66s volÈageet
l+ InpuU: tlÍÞ in lecond!
# Output,I 3-phårô vottagâ rl-gnaI (50* ,någnltude drop at t=O)
#
ll # #{t ll## # *## ll## # ## lt {lå# # # lll} # # ##{r #it # n ## # # ## # ## # # # # # # ## # ## # # ## # #{r # # ## # # ## # # ##

dÞubIô In_.19nå1_a (t)
doubl. t;
{
doublô lLgnal,.

1f, (È<0. 0)
rLgnal=¡A,G*rln (2. O*pI,r60. O*t+pEr_À) ;elrô Lf ( (t>è0. O) es (r<0.37s) )
ElgnâI=¡G,G/z. 0't.ln (2 . O'rpr*60. O*t+pEr_B) ;alrc
rlgn¡I=MÀc/2 . 0*sIn (2 . o*Þl * 60 . o*t+pEr_c) ;

rêturn ( slgnaI) ,.

)

doubl. In_rLgnâl_b (t)
doublc t;
{
double s1gnal;

lf (r<0. 0)
rlgnÊl=¡&,c*rln (2 . O*ÞI*60. O*t+pBr_À+fEET.A_B) ;els. Lf ( (È>È0.0) &Ê (r<0.325) )
rlgn¡1=!G,G,/2 . Otr.l-n (2 . O*pI* 50 , O*t+PEI_B+TEETÀ_B) ;el!c
llgnal=MAc/2. 0*.tn (2 . OrrÞI*60 . O'rt+pEI_C+TEEtÀ_B) ,.

¡.È.urn (.Ignal) t
)

double In_slgnal_ê (t)
doublc t,.

#
#
#
#

#
#
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{
double !1gnal;

if (r<0. 0)
signal=1.ß,c* sin (2. Oi.pI* 60. O *t+pEI_À+TSEfÀ_C) ;
ê1Bo if ( (t>-0.0) eE (r<O.3?S) ) -
signaL=¡&,c/2 . 0* 6in (2 . O 'rpI * 60 . O * t +p E I_B+T BETÀ_C ) ;ô1aô
.lgt¡al=MAc,/2 , 0*.ln (2. O¡rpt*60. O*t+PEr_C+I'SEÍÀ_C) ;

rêturn (âLgnal) ,.

)

### # # {r#s #f lt # ## f {r#* # ## f ### + # tt# # *# # # # # # # ### #s ## ## # # # # # *# {r {+ #*# ### # # # # # ## # # # #*
# uatn prograÍi stât-t! #

#lt
# ll ll lt #** #s# ## lt fl # {+ #{l{t ltlt #{t ###* *lt f tt# ll f ## tt # ## #### f ## tt # ## # ## # f ## tt # lt # # ### # ## # # # #

naln o
{

int n, M,'

1"":]" Buff€r_va [ND_o**=i]1":Ír:"_-p IND_ovER_z ¡ , Buff,ê¡_vc [ND_ovER_2 ] ;
1o":1" Euffêr_vê_cor [ND_oVER_21 , auãrer_vã ernlnÀ_ovan_z Ldouble Buffe r_ _co. (No_9gn_z 

¡ , Buffe r-vb1ln il¡o]ove Ç¡ ;
1"":1" Buff.r_vc_êor [*_9*L, ¡ , euefer-vc-crn iNo-ovsn_z I ;doubl. Fuûo_true_!¡.q O, rn_algnal_¡ (¡,i"_ãrg"i1_b- 1¡, Ii' rlgnal_c O,.
1""P1" t, f re q_.rÈ llrt, frcq_eat_cur""r,t, îr"itr-,r", ¡r¡år._d.!;doubl. Vå, ,Vc;

::::l: lli_y.=*i I ":._y"_Êin, .u¡n_vb_êô., su,n_ _aLn, rum_vc_êos, run_vc_sin;crouÞ¿e angJ.e_ê, ânglê_b, ânglê_c, å¡rglê_ave_Iaat, arrgte_av-e_ãur¡ent; - -

# # {t * #ff ff##*{# #* ft *f# Ë*sf f #í* åf##tt #f*f #s #{f # f #### #å#{, *## ### # * {t## #lt# #* fi ## ###
# lnttilLzâtion of varL¡.b1ec
*
#*#* *#å ##* ## # # #s {r## #s ## ll f #* ** #s** #*#* ###* #f ## #s #* ## #####tt# ## {+## ### # f # # ###

M=0;
t=-0 . 05;
frêq_eat_lart=60 . O;
angl._ave_låst=0. 0;

prlntf (',hetlo\n");

#
#
#
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l+########lt###############s###########s###f f ########s##*s################s
#
# rnlttltzation of Bufferr *
##
# ### # ## # # # # # ## * # ## # ### # #* f # n# # ## * # ## f # ## # ## # # ## # # ## # ### # #* # # # # # ## # # # # # # # #

for (n=O,.ñ<ND_OVER_2; û++)
{
Buf!e!_Va_co! [n] =0. O;
Buffer_Va_sln [n] =0 . Ot
Buffêr_ _êo. [nl =0. O;
Buf,fer_ _stn [n]=0, O;
Buffer_Ve_êos [n¡ =0. O,'
Buffê!_Vc_sln [r¡] =0 . Oi
)

# lt# ## #ll ### # ### ## ## # {r# ## # # # lt #{r # ## * #*# * # ## # ## # # ### # ##s ##n # ### # ## # ## # # ## # # # #r
# rfttle f,oop il

#-#
# #t # lt ### lt# #{l llf ## ### ltll * fl ##* #{t*s f# #lt tt#s # *#{t ##f # ## tt ### #### ### # # fls # ## *# ## # # # #

ìr'htIô (t<TIMELI¡lrT)
{

f reLtruê=Funë_truê_f ¡êq (t ) ;

{tnt###fl#####lt#######*{t###f########*#*s###*#lt#######t #lt########f##########
#
ll c€u 3-pha!e voltager by csltlng functtonr if
*###*#####s###*######*##*{*#*#*####***#*###########f##*##################

Vr=fn_!1gnâI_a (C) ;
Vb=In_stgnrl_b (t) ,.

Vc=In_.fgnâl_c (t) ;

# lt# # * ## # f* #*#* #* fl *#s* # ## * #* f f #** fl * *# * n f## *fl # #*# ** #* {r{# #*{# # # ## #{r# ## # * # # # *#
å Shtft th. corrôl¿tlon product buffôr. (or wlndow) once i*
*f*#*#s*##*###f*#s###{#**###***#*##*#######*#*###*######sn#############f#

fo! (n=0,. n<ND_OVER_2-1, n++)
{
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Buf,fêr_Va_co6 [n] =Buf,f,er_Va_co6 [n+11 ;
Buffêr_Va_sLn I n ¡ =Buff,er_Va_sln In+1] ;
Buffêr_Vb_cos [n] =Buffêr_ _cos [n+1) ;Buf.f,ê¡_ _sin In I =Buff,ê!-Vb-sin [û+1] ;
Buffêr_Vc_cos In ] =Buffer_Vê_cos In+1] ,.

Buffer_Vc_ain In] =Buff,eric-sin In+1] ;
)

tf (M-ND) M=0,

il #*# ### ### # # #s ## #{t# ### ### # # f # # ##s ### # ### # # s ## # # # # # # * ## # # # # # # # # # f # # # ## # # ###
# Calêulatê thê cor¡elatLon ptoduct for th€ nost recânt
{l by ÍrultlplyLng voltBgês å¡rd. the r€ferênce coslne å¡d
#

input signals
alnê culve6

It #ll{t {l{t* #f# # * ** lt# ## # # # * f lt# # # #* #{t## ##{ t # ## # ll # ## # # # tt ## # ll# # * ## # # lt # # ## # # ## # * ##

Euffer_V!_cor [ND_OVER_2 -11=Va*côr (2*9I * (MBND) /ND) ;
Buf fôr_V_a_!ia IND_OVER_2-1 ] =Vâ*rln (2tpI* (M*ND),/NDi ;Buffc!_ _êor [ND_ovER_2-1¡=!rb*cos (2*ÞI,r (MtNDi/NDi ;
Bu f fê r_Vb_r i n rND_OVER_2 -11 =vb* stn (2*pI * (ù{8ND) /NDi ;Euffer_Vc_co. IND_OVER_2-1] =Vc*co. (2*p¡* (M*ND) ,/NDi ,Buffe!_Vê_!tn IND_OVER_2 -1] =Vc* sin (2*pI,r (¡{CND) /NDi ;

¡{+=1;

lr¡¡n_Va_cos=o . 0;
ru¡n_Vr_r Lr¡=o . 0,.
aum_ _cor=o ,0;
runt_Vb_rln=o . 0,.
lr¡ír_Vc_cor=o .0;
run_Vc_.Ln=o. 0,'

###fåf**f##*#*#f**f###**###f#*####å#ffl####s#*##*{+###ri{i#f#################
*
* SuûEnåtLon of all the cor!.lÀtion product.
#
#f###*####*###*å####fl##*###*######*#*n#ll##*####ll###*##*##################

for (¡r=0; n<ND_ottER_2,' n++)
{
rum_Vâ_cor+=Buf f âr_Vâ_co! [n ] ;
lr¡ñ_Va_rla+=Buf fe¡_Va_.in Inl i
.r¡rû_ _co.+=Buff.r_ _co! [û],.!u¡r_Vb_.ln+=Buffcr_ _.lD [nI ;
tu¡n_Vc_cor+=Buf f,ê¡_Vc_co. Ir 1,,
Iu¡n_Vc_r ln+=Euf f êr_Vc_! Ln I n l,.
)

#####*#f##f#å#lt*Í{t#*{t#*##åfl*###*#*{tf;*s*f*####*#fl#####f###f#*####*###ll#f##
*
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ll CålculsÈå thâ pbaso anglor of the 3 phaaors 
##

it#{t####*#######f########sf#lt*############### 
l+## ####f################# ## ##

âñglê_a=atån ( r um_Va_co s /s um_Va_s in ) ;
anglå_b=âtan(sun_ _co€/aun_ sLn);
anglâ_c=atån (surn_Vc_cos/rum Vc e i.n),,

##* ## # # f # fl # lt ##* ### f # # # # ##* lt ## # ## fl # f# tt {t ## # ## # ll ## # # ## { ##f ### f # # # # ## # # # # # # ##{t

# l'lnd the averagâ ôf 3 phasores, a¡¡gleg
#
#tt# #{t ### # # # f ## * # ## # ## # # ## # # ## # # {+ ## tt# f ### # ## # tt ## f ### ###s #{+# tt # ## # ### # # f # # # #

anE].€_ave_êurrênt= (å¡glê_a+å¡g1å_b+ånglr_c) /3 ;

##tt#######ll#f{t*####fl###l t##ftt##*###f#f###{t#f##s#####fitt######### ### ### ##f##
ll ¡.tL""t" the f,requônêy of input rignÀI i#
# *# ## #tt# #tt # ###{r ### # ### # ### # ### ## # # ### #### ## ## ### ### fi ### ###{r # ## # #f # ### # # ##

f râ q-o B C-cu lrênt = 6 O . O+ ( a¡gl._âve_eu rrênt - e¡¡glc_ave_Ias t. ) * 6O . OltND,/2 . O,/pI;

# ##* #f* #f##* fs ** ltl+ # *å#* l|* #* f* #*##ll #f #* # f ### f *## ## *# #{ttt {t# ltf #* ##{t ### # tt# # # ##f
# dfldÈ lj.mLtor #

X#
###å # ## * #s * f #*# # ### ## *s #### ** *##å #*#* * ## * f# f # rl* ## ## # f{r ## ## ## ## **# ## # # # ###

1f (fåbr ( (f16q_ô!t_êurrônt-freLest_1ast) 
) >MÀXDF)

f 16L.st_current=f req_eat_Itrtl

PrtnÈf(" 8f Cf tf Cf Cf tf\n,', t, fraq_trua, f,râq_êst_curlen!, Vå, ,Vc),,

f retr.t_låst=f r.q_.6t_cur!cot ;
angla_ave_Irrt=rng la_ave_currê¡¡t, ;
t+=1 . o,¡ND,/60. 0,'
)
Ì

#
#
#


