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ABSTRACT

The paper discusses the voltage control of a critical load bus using dynamic voltage r
(DVR) in a distribution system. The critical load requires a balanced sinusoidal waveform acr
terminals preferably at system nominal frequency of 50Hs .#ssumed that the frequency of tl
supply voltage can be varied and it is different from the system nominal frequency. The D
operated such that it holds the voltage across critical load bus terminals constant at system
frequency irrespectivef the frequency of the source voltage. In case of a frequency mismatcl
total real power requirement of the critical load bus has to be supplied by the DVR. Proposed
used to compensate for frequency variation, the DC link of the DVR is sdpgii®ugh an
uncontrolled rectifier that provides a path for the real power required by the critical load to flc
simple frequency estimation technique is discussed which are Discrete Fourier transform (DFT
controller.The present work study thempensation principle and different control strategies of D
used here are based on DFT, and ANN Controllerough detailed analysis and simulation stud
using MATLAB. It is shown that the voltage is completely controlled across the critical load.

KEYWORDS :Critical load; DVR; Distribution system; Nominal frequency; Power quality; Volt:
control; VSIDFT, kalman Filter and ANN Controller.

l. INTRODUCTION

The power quality (PQ) characteristics fall into two majategories: steaetate PQ variations and
disturbances. The steadtate PQ characteristics of the supply voltage include frequency variations, voltage
variations, voltage fluctuations, unbalance tireephase voltages, and flicker in harmonic distortibhere are
many devices, such as power electronic equipment and arc furnaces, etc., those generate harmonics and noise in
modern power systems. Power frequency variations are defined as deviation of the power system fundamental
frequency from its specidid nominal values (e.g., 50Hz or 60Hz). The duration of a frequency deviation can
range between several cycles to several hours. These variations are usually caused by rapid changes in the load
connected to the system. The manimtolerable variation in quply frequency is often limited within +ve or
ve 0.5Hz. Voltage notching can be sometimes mistaken for frequency deviation. Accurate frequency estimation
is often problematic and may vield incorrect results. A number of numerical methods are avaifabtpitarcy
estimation from the digitized samples of the supply voltage. These methods assumed that the power system
voltage waveform is purely sinusoidal and therefore the time between two zero crossing is an indication of
system frequency. Digital signptocessing techniques are used for frequency measurement of power system
signals. These techniques provide accuragimation neanominal and offnominal frequencies. The
application of enhanced phase locked loop (EPLL) system for the online estimétistationary and
instantaneous symmetrical components.

The well known custom power devices such as distribution STATCOM (DSTATCOM), dynamic
voltage restorer (DVR) and unified power quality conditioner (UPQC) are available for protectianitifed
load from disturbances occurring in the distribution system. In this paper we will discuss voltage control of a
critical load bus using DVR. The critical load requires balanced sinusoidal waveforms across its terminals
preferably at system nominal frequencybOHz. It is assumed that the frequency of the supply voltage can vary
and it is different from the system nominal frequency. A DVR is a power electronic controller and it is realized
using voltage source inverter (VSIs). It injects three independent singte voltages in the distribution feeder
such that load voltage is perfectly regulated at system nominal frequency.
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In general, the DVR is operated in such a fashion that it does not supply or absorb any real power
during study state operation [12].lase of a frequency mismatch; the total real power requirement of the load
has to be supplied by the DVR. To provide this amount of real power, the dc link of the DVR is supplied
through an uncontrolled rectifier connected to the distribution feeder. dfir@i, the analysis of the DVR
operation supported through a dc battery has been discussed. A simple frequency estimation technique is
discussed which uses a moving average process along with-arassimg detector. The reference voltages
injected by tle DVR are tracked in the closed loop output feedback switching control. A simple frequency
estimation technique is discussed which are Discrete Fourier transform (DFT), Kalman Filter and ANN
controller. The present work study the compensation principledififierent control strategies of DVR used here
are based on DFT, kalman Filter & ANN Controll@hrough detailed analysis and simulation studies using
MATLAB.

1. DVR STRUCTURE AND CONTROL

The singleline diagram of a DVR compensated distribution systenhdsva in figure 1. The source
voltage and PCC (or terminal) voltages are denoted aga/y respectively. Note that the variables in the small
case letter indicate instantaneous values. The-fiirase source,sW¥s connected to the DVR terminals by a
feeder with an impedance of#fXs. The instantaneous powers flowing in the different parts of the distribution
system are indicated. These are PCC powg), (BVR injected power (&) and load power ().Using KVL at
PCC we get

Vit W=V (1)

The DVR is operated in voltage regulation mode. The DVR injects a voltage,thve distribution
system such that it regulates the critical load bus voltage, arreferencev having a prespecified magnitude
and angle at system nomipal frequency. The reference voltage of the,DigRhen given by

The DVR structure is shown in fig.2. It contains thredéritige inverter. The dc bus of all the three
inverters is supplied through a common dc energy storage capagitb2]C
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Fig.2: DVR Hbridge with LC filter

combination. Each VSI isonnected to the distribution feeder through a transformer. The transformer not only
reduces the voltage rating of the inverter but also provide isolation between the inverter and the ac system. In
this, a switch frequency LC filter {LC) is placed inthe transformer primary (inverter side). The secondary of
each transformer is directly connected to the distribution feeder. This will constrain the switch frequency
harmonics too mainly in the primary side of the transformer. The thrbadge inverter ee controlled
independently. The technique of output feedback control is incorporated to determine the switching actions of
the inverters. The controller is designed in disetite using pole shifting law in the polynomial domain that
radically shifts tle operloop system poles towards the origin. The controller is used to track the reference
injected voltages (%) given by (2).

qu
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1. NORMAL OPERATION OF DVR

The DVR operation using above structure and control has been discussed here. A detailednsimulatio
has been carried out using MATLAB software to verify the efficacy of the DVR system. Let us assume that the
source frequency is constant at the distribution system nominal frequency, i.e., at 50Hz. The DVR is connected
between the PCC and the criticahtb The distribution system and the DVR parameters used for the simulation
studies are given in table 1. The dc link of the inverter is supplied through a dc battery. The DVR is operated
such that the load voltage is maintained with 9KV peak at systemnabfmequency of 50Hz. Note that this
value is same as the peak of the source voltage.The study state system voltages are ghdwircanfbe seen
from fig.3 (8, that the load bus voltages are perfectly balanced at 50Hz. The PCC bus voltagesateraisd
as the source voltages are bakhdtcan beseen fronfig.3 (b), that the magnitude of the injected voltages by
the DVR is very small. This is because the DVR is compensating only for the voltage drop across the feeder.

V. ANALYSIS OF DVR OPERATION UNDER FREQUENCY VARIATION
Let us now investigate through MATLAB simulation, what happens when the source frequency is not the
same as the system nominal frequency. Note that, this is a simulation study to demonstrate the consequences of
frequencymismatch the DVR is operated such that it maintains the load voltage at the nominal frequency, of the
system, i.e., 50Hz. It is assumed that the source voltggasva frequency of 48Hz.

TABLE I. System Parameters

System quantities Values
Source voltage 11K\;$1Lg-llé),é)hase
System normal 50HZ

frequency
Feeder Impedance| 0.605+j4.838 ohms

Balanced load 72.6+j54.44 ohms
impedance

9.0KV peak at nominal
Desired load voltage frequency, phase

angle0
Singlephase 1MVA,1.5KV/11KV
transformers . with leakage
inductance of 10%
dc-link voltage 1.5kv
paramglgra;(primary L = 6L62uF
; Ct = 2348.8 uF
side)
Pol e shif 0.70

The system current and voltage waveforms are shown in the fig.4.for clarity, onlgphase
waveforms are shown here. It can be seen from fig.4 that the load voltages distortions free and has a
fundamental frequency component of 50Hz. Since the load is passive and linear, the load current will also have
a frequency of 50Hz.

The DVR is a eries device, the source current is identical with line current and has only 50Hz component. The
system equivalent circuit at the two frequencies is shown in figdbnfig5, theinjected voltage is given
without ANN Controller by

Vi 2V Ve (3)
The componenty is exactly negative of the 48Hz source voltagssueh that the line current has no 48Hz
component. The componeng @pproximately equals the 50Hz reference voltagielvcan be seen from fig.4,
that a-phase injected voltage by the DVR has modulation due to the frequency components. The PCC bus
voltage has a 48Hz component equaldand a small 50Hz component corresponding to feeder drop. Again as
per(1),the DVR injected voltage must cancel the 48btd voltage. This is obvious from the modulating
waveform shown in the fig.4.
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Fig.3 Equivalent circuits at (a) 48Hz and (b) 50Hz

The frequency spectrum of waveforms in fig.4.is shown in fig.6. Note that the spectrum of voltages in
fig.6 is normalizedwith respect to the 50Hz component present in the DVR injected voltage. It can be seen that
the line current and the load voltage are at 50Hz component .from (1), the 48Hz component of DVR voltage has
the same magnitude as the 48Hz of the PCC voltageptetttat they are in phase opposition, which is not
shown here. Also, it can be seen from fig.6, that the magnitude of 50Hz load voltage is the different between 50
Hz DVR injected voltage and the corresponding PCC voltage. Let us assume that the PGCcuoltaigs a
component at t he f upnadnadneaat ad mpg o regnute n aifhesa fhreaypghase fr e g |
voltages (W, Vio,ic) are

Equations

Via=Vtis i at)(+Wts i mt)( ¥ y=Vtisi nt(1¥1 2Q9 +Wtx20 ) ,
VieVtis i mt(+¥1 2 Qi) me(wy 1200) , ( 4)

The line currents (Isdsb , Isg are at fundamental frequency and are given by

ls=Is;s i mt(T¥i)sh=lIss i mt(T¥L 20 UT {lid=)s;si mt( ¥ 120 1 {5
From Fig. 1, e instantaneous power (Ps1) entering at the PCC bus is given by

P51= pa+po+pc= Vtaisa+thisb+Vtcisc_ __(6)

Where

P,=Vtil s sbisinfity 1 dis)sH \atf i pt( A a)

Po=Vtilss i [t (T¥1l 2 O}t Tsli2nO(T fs)s]i nt{vt 2 0 )t T7sli2rO(Ty G ) (7b)

P=Vtil s gt#l20fsimrst + 12071 G) Js;si at( w120 sil R O+r\i(Jc)

Expanding (7), we get

P=Vuls/2[ cosg c 0 s {B]¥ +Volsd 2 [ q-oS3t{ghc 0 s £¥6 )ral]

Po=Vulsi/2[cos@c 0 s {-24G-2)] +Vplsd 2 [ crodt{ohc o s £ )e240-2}]

P=Vuls/2[cosac 0 s {+24%-2)] +Vplsd 2 [ crodt{ohc o s £¥6 )w240-g}]

Substtuting p,, po,and Rin, the (6), the instantaneous powerip calculated as

Ps=3/2ls1[V uCosg+\oC 0 s £¥Q)ter ] (8)

Therefore the power entering at the PCC bug 6hould have a Dc component equal to 1.8%¢osg and a
componentaté& r e q u e n-g.yradar. Fof tlke waveforms shown in figuresy#ll have a 2 Hz and a dc
component. in a similar way power injected by the DVE) (Rill also have these two components

(a) (b)
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Fig.4 The frequency spectrum of current and voltageeforms:

(a) line current; (b) PCC voltage; (c) load voltage; (d) DVR voltage .

However, the load power {§} will only have a dc component at both the load voltages and load currents are at
50 Hz and the load is balanced. The instantaneous powerb@ra 1 figure5Sit can be seen that the load
power is constant at about 1.1 MW.
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The frequency spectrum of the ingi@neous power is shown in figtscan be seen from fig.8 that the power
entering at the PCC, Phas a 2 Hz component and a small dc camept. The small dc component Is the
feeder loss. As the power ,Hs oscillating at 2 Hz, it is not contributing anything for the power required by the
load. Hence, the entire load power is supplied through the DVR. The power consumed by the loadehds only
component.

Instantaneous Powers
Pai Sourca, P12 Lond, Psd = DWR Powar
- a1 g 1 e

o

=170

=0 B3

= D DM

0.78

i
[+] oZ o4 [+ K] 0.8 1

Tirmv {mae)

Fig.5 Various instantaneous powers.

The DVR not only supply the load but also supplies the feeder loss, i.e., all 50 Hz components. In addition,
DVR also supplies the oscillating 2 Hz component in phase opposition to the 48 Hz congidhensource.
Therefore, instantaneous maximum value of the DVR injected voltage seems to be very large. The above
discussion clearly demonstrates that the entire real load power has to be supplied by a dc capacitor. The dc
capacitor will discharge ragly if it has to supply this real power irrespective of its size. Hence some alternative
arrangement has to be mattds possible to support the tiok through a diode rectifier connected at the PCC

bus. We shall now investigate the rectifsarpporteddVR operation under frequency mismatch.

V. RECTIFIER -SUPPORTED DVR

The single line diagram of the distribution system fds #tonnection is shown in Fig. where the
power flow Parts of the system are indicated. The dc bus of the VSIs realizing the DVR is supported from the
distribution feeder itself through a thrphase uncontrolled full bridge diode rectifier. The rectifier is supplied
by a Y-Y connectedo the PCC. Therefore, The DVR can supply real power from the feeder through the dc
bus. A shunt capacitor filter,q@s also connected at the PCC to provide a low impedance path for the harmonic
currents generated by the rectifier to flow. Let us asdhaiethe frequency of the source voltage be 48 Hz. The
rectifier transformer and capacitor values are given in Table 2 while the rest of the system parameters are the
same as given in Table 1.

System quantities Values
System nominal 50HZ
frequency
Sourcefrequency 48HZ
1IMVA, 11KVA/2KV(Y -
Rectifier transformers Y), With Leakage
inductance 10%.
Capacitor filter C g) 30 uF
Dc capacitor C 40 4000 uF
Reference load voltage 11KV(L-L) or 9KV Peak
w7) at normal frequency
,phase angle0
TABLE ILI. Rectifier Parameters

Frequency Spectrum

N
-]
@
8

2 4 (=3 a 10
Fregquency (Hz)

Fig.6 Frequency spectrum of powers

qu
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Fig.7: Main block diagram of proposed DVR

Hysteresis

The PCC voltage, the load and the igecvoltage are shown in Fig. B can be seen that the critical
load voltage is perfectly regulated to its jspecifiedmagnitude, i.e., 9 kV. In this connection also a large
amount of voltage is injected by the DVR is having a magnitude of about 20 kV at 0.25s. Note from Fig. 9, that
the load current is not equal to the source current due to the shunt path through thefrecr . The sour ce
the load current and the dc capacitor voltage waveforms are shown in Fig. 11. Using analysis similar to that in
Section 4, we can say that the PCC bus voltage has a large 48Hz component and a very small 50Hz component.
The voltag across the dc capacitor supplying the inverters is maintained at about 2.75 kV.The frequency
spectrum of the current:d voltages are shown in Fig. .10oltages are showim Fig. 10 Note that the
spectrum of the voltagesi®rmalized. Withrespecttoy ||t can be seen that due to
PCC bus voltage has harmonic components nx48 and side bands at frequencies nx48+2Hz where n =1,2,3,....
Hence, the current pbowi ng bet we en setcdmponents. As theeloah nd t h
voltage is at 50Hz, the |l oad current is also at 50H:
corresponding frequency spectrum (normalized with idsigePs1) are shown in Figs. 8 andr8spectively.
Theloadpowr (Pl 2) is constant at about 1. 1MW. However, t
at 2Hz and its average over 1 s is nearly zero. The power injected by the DVR (Psd) is oscillating at 2Hz and is
riding over a dc value. The dc value bethg average critical load power required. The power supplied from the
source (Psl) is having a large dc component and other frequencies of very small magnitudes. The difference in
the powers Psl and PI2 is due to the losses occurring in the invertér circu

(a) Source Current by Load Currant

iy i

5 o.s 4

o ..-_-I. .I.-.-____. P -
@ as 50

4 50 55 B 40 a5 50 55 GO

(<) PCC Yoltage ey Load Voltage

i 1
Vi v,
o.5 0.8
L - o -1

g a5 50 ES) Go a0 as 50 55 G0
Frequency (Hz) Frequency (Hz)

Fig.8 Frequency spectrum of voltages & currents

The above discussion clearly shows that it is very important for the power utilities to somehow measure or
estimate the supply frequency and accordingly operate the DVR such that it injects tlge woltde
distribution system in sympathy with the changes in the source voltage frequency. One possible solution is to
phase lock the DVR from the supply. Alternatively, through communication channels, information regarding
the frequency at the source erah be transferred to the DVR end. However if the communication fails or if the
voltage comes out of the phase lock, the dc bus starts supporting the load. This is undesirable.

Instantaneous Powers (MW)
—=-Ps1 —— Ps2 g Psd = P12

s 2 1 "
o] 0.2 0.4 0.6 0.8 1
Time (sec)

Fig.9 The instantaneous powers
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Fig.1Q Frequency spectrum of powers

VI.  ANEW FREQUENCY ESTIMATION TECHNIQUE
In order to avoid such a large amount of injected voltages into the distribution system, the numerical
methods are available for the online frequency estimation from the samples of the supply voltage. Most of these
methods are very effective when the system voltage or current contains one single frefoeaggmple the
extended kalman filter based method has a settling time of only a few samples and can track variations in the
system frequency quickly. However thermulation cannot be easily extended for signals containing two
frequencies. Given below a new algorithm based on instantaneous symmetrical components for frequency

estimation.Consider the phase PCC voltage,¢/i ven i n (4) . wh gisasureed toknloveand r e q u e n
we have to esti mat ebabkeld enthe méasuement ofthre QQueltagesy ¥
Vi=Vtis i a)(+Wts i mt)( ¥ 9)

Let us denote the ti men ga#Hand T sespediivelypuehdhatf r equenC| es ¥
T,= 2 "1/ ®= 2 ",taking an average ofyoverthe Vizayg -1/T1

ty Hi+T {Vu sin(rat) + Vipsinfy,t)} dt (10)

Viaavg= LT & Hii+T V2 sinfr2t) dt =osin(¥,tl+" %Yy (1)

25¥)/ Ls¥nd WY

now if the average ¥ag iS computed using a moving average process with a time window ax time t
changes, we shalll get a si nus otwid auccessive zerd coossing of thismt v ar
waveform can be used to determine the frequency based on which the frequefi¢g\s computed.

Average PCC Voltage (kV)

+0.5

+0.25

+0 |-

0.5 1 1 ] 1
4] 0.06 0.12 0.18 0.24 0.3

Estimated Frequency (Hz)

+48.5 |-

+46 |- L
+43.5 |-

a1 L L 2 L
o 0.06 0.12 0.18 0.24 0.3

Time (sec)

Fig.11 Average PCC voltage,)q the estimated frequency £27).

Consider the same system as discussed in session 4.in which the DVR injects the voltage in the
di stribution system such that the o2 't)ageef askOh oMz, twhe
sourcef r eque/nx’y) (ivxs 48 Hz. The results wintiohed abbve ard r e qu e n
shown in figll .it can be seen from the figthat a large overshoot (2.5kv) peak arises in the average voltage
signal as soon as the frequency mismatatuiee Note that this is a signal obtained by integration of PCC
voltage, \; over one period. This will cause the z@rossings of the average voltage to shift for a few
successive cycles. Once the variations in the-zassings stops, the source fregeyeestimated to be 48Hz at
0.1s.at this instant, the DVR starts injecting voltages at the estimated frequency. this estimated frequency is then
used in the average process of (10) in which both the frequencies are now 48Hz and hence the timg isindow T
1/48s.this will result in average being zero with a delay of one 48 Hz cycle .However, some small variations in
the zerecrossings of the average voltage will persist for a few more cycles. The variations in the frequency
during this time must be disregadi if the frequency is allowed to vary in sympathy with the changes in the
estimated frequency during this period, the terminal voltage will never be able to settle and the average will not
become zero.
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So far, we have considered that the source voltAgdFgig. 1) are balanced and are free from harmonics. Let us
assume tha¥ contains 20% fifth harmonic component. Then tighase PCC voltage can be written as
Via = Vg Sin(r1t) + Vix{sin(¥,t) + 1/5sin(5r 2t)} (12)
The average of Y of (12) over the period1 will be
Viaavg= 1/T1 u &3 TVR{sin(¥ t) + 1/5sin(5rot)}dt = osin ot + g q)+ 95sin5( i+ /vy)  (13)
Where the constant teroanddb are given by

2=Vtyry ysin® wivy), S50Viyisi o n (/58 ¥
The procedure for estimating the frequency described above can now be apglied,t@s per(13). The
estimated frequency.

Along with averagd>CC voltage is shown in Fig. ltlcan be seen that that tharmonic in the source

does not affect the Estimation technique, because the zero crossings are unaffected by the addition of an integer
harmonics in (12). In general, addition of integer harmonics whose magnitudes Reduce as harmonic number
increases; doot cause a shift in zero crossing. Therefore, the presence of such integer harmonics does not
affect the estimation of frequency.

VII. TRAINING AN ARTIFICIAL NEURAL NETWORK

Once a network has been structured for a particular application, that netwesklysto be trained. To
start this process the initial weights are chosen randomly. Then, the training, or learning, begins. There are two
approaches to training6 SUPERVI SED6 and O6UNSUPERVI SEDG. Supervi se
of providingthen et wor k wi th the desired output either by man
providing the desired outputs with the inputs. Unsupervised training is where the network has to make sense of
the inputs without outside help. The vast bulk dfnoeks utilize supervised training. Unsupervised training is
used to perform some initial characterization on inputs.Training can also be classified on basis of how the
training pairs ar e presented to the net wor k. They
TRAI NI NG6 . I n increment al training the weights and &
presented to the network. In batch training the weights and biases are only updated after all of the inputs have
been presented.

Supervised Training:

In supervised training, both the inputs and the outputs are provided. The network then processes the
inputs and compares its resulting outputs against the desired outputs. Errors are then propagated back through
the system, causing the system to adjustweights are continually tweaked. The set of data which enables the
training is called the fAtraining seto. During the t|
times as the connection weights are ever refined. However, some netweekdaarn. This could be because
the input data does not contain the specific information from which the desired output is derived. Networks also
donoét converge if there is not enough data to enabl ¢
nodes are capable of memorizing data. To monitor the network to determine if the system is simply memorizing
its data in some non significant way, supervised training needs to hold back a set of data to be used to test the
system after it has undergone fitaining. Typical diagrams for supervised trainingaohetwork is given in
figure 121
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Fig.12.t ANN Program Flow Chart
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Fig 122 Supervised faining

I f a network is simply cané6t sol veinptutine ouputg bl e m,
the number of layers, the number of elements per layer, the connections between the layers, the summation,
transfer, and training functions, and even the initial weights themselves. Those changes required to create a
successful networkacn st i tute a process wherein the fAarto of n
designerds <creativity governs the rules of training.
adaptive feedback required to adjust the weights duringrtgaithe most common technique is backwancbr
propagation, more commonly known as b@ackpagation. Yet, training is not just a technique. It involves a

nfeel 0, and conscious analysi s, t o i n s u fical neunah t t he
net work configures itself with the general statistic
aspects of the data which may be spurious from a general viewpoint. When finally the system has been correctly

trained,ancho further | earning is needed, the weights can,

model has been applied because it offers good reliability, minimum detection time and low computational
complexity. This last factor is especially atél in the final implementation in the DVR control algorithm.

VIII. SIMULATION RESULTS

(@)

(b)
Fig.13: System performance without DVR: (a) Source voli&gg source current(A), (b) Load voltage (kv),
load current(A) under unbalanced & niimear loads.
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