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ABSTRACT

The protection of the sensitive unbalanced nonlinear loads from sag/swell, distortion, and unbalance in supply
voltage isachieved economically using the dynamic voltage restorer (DVR).A simple generalized algorithm
based on basic synchronousreference-frame theory has been developed for the generation ofinstantaneous
reference compensating voltages for controlling aDVR. This novel algorithm makes use of the d-q transform.
The algorithm is general enoughto handle linear as well as nonlinear loads. A capacitor-supported DVR does
notneed any active power during steady-state operation because theinjected voltage is in quadrature with the

feeder current. The proposedcontrol strategy is validated through extensive simulation.

Index Terms—Dynamic Voltage Restorer (DVR), SRFT Controller, Nonlinear Load, Voltage-
Source Converter (VSC)

I. INTRODUCTION

A DVR is a custom power device used at distribution level .It is similar to SSSC(Static synchronous series
compensator)used at transmission level, but its control and objectives are different from SSSC. The DVR is
implemented using voltage source converter (VSC) with fast switching power semiconductor devices such as
IGBT or IGCT instead of GTO used in SSSC. The voltage injected by VSC in series with distribution feeder is
controlled using sinusoidal PWM control technique. The rapid switching capability provided by IGBT enables
the use of more sophisticated control technique to provide dynamic compensation to sag/swell and harmonics.

A DVR can be viewed as a variable frequency variable voltage source determined by the control algorithm. The
schematic diagram of a self-supported DVR is shown in fig .1.Three phase source voltages (Vsa ,Vsb , Vsc) are
connected to the 3-phase critical loads through series impedance (Za ,Zb, Zc) and an injection transformer in
each phase. The terminal voltages (Vta,Vtb,Vtc) have power quality problems and the DVR injects
compensating voltages (Vca Ve Vee) through an injection transformer to get undistorted and balanced load
voltages (Vi a,VinVic) . The DVR is implemented using a voltage source converter (VSC) along with a dc
capacitor (Cq.) . A ripple filter (Lr ,Cr, Rr) is used to filter the switching ripple in the injected voltage. The
considered load, sensitive to power quality problems is a three —phase balanced lagging power factor load.
Various control algorithms are used in implementation of DVR.

The primary objectives of DVR are as follows,

e Dynamic compensation for balanced voltage sags.

e Dynamic compensation for balanced voltage swells.

e Dynamic compensation for unbalanced voltage sags/swells.

e  Dynamic compensation for the harmonics present in the supply voltage.

e Dynamic compensation for the other power quality problems like surges, notches present in supply voltage.
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I1. DESIGN OF DVR

The design of DVR includes selection of rating of the VVSC, rating of an injection transformer, magnitude of DC
bus voltage, rating of DC bus capacitor and components of ripple filter. The design of component of ripple filter
depends upon the switching frequency of IGBTs of VSC. Value of DC bus capacitor depends on energy
requirement in transient condition .The magnitude of DC bus voltage depends on requirement of worst case sag
compensation, however there is a practical limit(40%) on maximum sag compensation using self/capacitor
supported DVR due to limited energy storage in capacitor depending upon value of capacitance. The ratings of

VSC and injection transformer depend on load current and requirement of worst case sag compensation.

2.1 Selection of Switching Frequency

For selecting a switching frequency ,the highest order of harmonics is considered which has to be
compensated .The switching frequency must be at least two times of highest order of harmonic which is to be
compensated .The selection of switching frequency also highly related to speed of processor as the sampling
frequency depends on the speed of the processor. The general range of the switching frequency is from 5 KHz to

20 KHz .For low filtering requirements; the highest possible switching frequency should be selected.

2.2 Selection of Dc Bus Voltage
There is a direct relationship between the terminal voltage, power factor, of the load and the theoretically
maximum possible achievable load voltage.
From schematic diagram of self-supported DVR as shown in fig:1 ,in steady state one can write the phasor
relationship between the positive sequence voltages,

vet |ve| (a+jb) =v (1)
Where a+ jb is a unit vector that leads the positive sequence load current i, by 90°.This Implies that the positive
sequence of the DVR voltage leads that of the load current i, by 90° and hence the real power flowing through
this sequence is Zero. Assuming v, =|v,|<0°(1),results in the following quadratic,[15]

Vel *2avilivel + Vi % vl 2 =0 (2)
The above quadratic must have two real solutions of |v¢| for an achievable target load voltage.
In case of a conjugate pair of roots , the target load voltage is not achievable. From (2),|v.| will have two real

identical solutions when the following equation is true:

vi=—L 3

i-a?
Equation(3) gives the maximum achievable target load voltage for voltage sag and the DVR voltage is then
given by
Vel = ajvi| (4)

With no losses ,(3) becomes
[rel

Vil = cos BL

()

Where Cos @1 is the load power factor.

If an injection transformer ratio is T then , to produce peak compensating voltage |v¢| on the secondary side of
the injection transformer , the voltage must be generated by the VSC is |v¢| / T. The maximum peak phase

voltage that can be generated by 3 —Leg VSC with sinusoidal PWM control is given by
pd
Vysemad = =(6)
To produce maximum peak phase voltage |[Vysemax| = Ifr—f,the DC bus voltage can be computed from (6)
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2.3 Selection of DC Bus Capacitance

During the transient conditions ,there is local energy exchange between DVR and the feeder because of the
computational delay for the control action .The DC bus voltage decays exponentially during a voltage sag
compensation and as the DC bus voltage decays, the ability to compensate severe sags deteriorates . Hence the

compensator using DC bus voltage stored energy can be used only down to a certain voltage level, given by
Aedt: = %Cdc (\/*dc2 - Vdc2 ) (7)

Where V' is the initial dc link voltage in the DVR and Vis minimum allowed dc link voltage in DVR.

2.4 Selection of Ripple Filter Elements

The ripple filter is composed of inductor L, capacitor C and resistor R as shown fig 3.1,it is used to remove
higher frequency switching ripples produced by VSC. The general thumb rule to select these different elements
of ripple filter is the inductor L should be so chosen that it offers high impedance to the switching ripples having
frequency greater than or equal to the half of the switching frequency and offers low impedance to the switching
ripples having frequency greater than or equal to the half of the switching frequency and offers low impedance
path to fundamental frequency. The resistor R should so selected that the RC combination makes a high pass

filter of cut-off frequency equal to about half of the switching frequency.

2.5 Selection of an Injection Transformer Rating

The KVA rating of an injection transformer of DVR depends on the maximum compensating voltage Vc to be
injected in series and the load current i_. The KVA rating of an injection transformer of DVR can be calculated
as

kVA=v.i /1000 (8)

I11. MODELING AND SIMULATION OF DVR USING MATLAB/ SIMULINK

3.1 General

A basic system configuration is used for implementing Synchronous Reference frame Theory. The basic DVR

Simulink model as shown in Figure: 1.

Rr,Cr VL
--J\N\/—’W‘--—- ] s
W
- — .
.M_“.._ Rr,Cr
-
— ._.J\N\/_I'@TL._. r"M-"'
3 Phase Source LJ 1
(415V,10KVA) PCC Load Bus
<o O ﬁ B & a8 < oo
LooJ ConlJ kt_o_Q_J Sensitive
Unprotected Series Injection Transformer
I 3 Phase LOAD
3 Phase LOAD AR [ oo iy
5kva,(415V) = 2 b 5 a 5 3 = Skia,(415V)
L J
[ [
Ripple filter
Vdc
Vdc
; Vvt
Discrete, vz(abc) i
s
owergui [ >——p o)
poverg Goto5
VL (abc)

INVERTER Scope

Figure-1- Simulink Model of Self Supported DVR.
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Now we will discuss the control algorithm and the performance of DVR for two types of disturbances Case 1 &

Case 2. Different combinations of Disturbances are used.

3.2 Modeling & Simulation of SRFT Based Controller

Different control algorithms are discussed in this section. Relevant signals waveforms are shown to keep this
dissertation compact and concise. The notations used can be referred to List of Abbreviations. All blocks are
standard blocks referred to Simulink Library. Summary of all parameters and results is given at the end of this

chapter.

3.3 Synchronous Reference Frame Theory Based Control Algorithm

This theory is based on Parks Transformation. Here we transform the PCC voltage (V) in to d-g and then flow
goes as shown in figure: 2.After Controller actions the result is converted back to a-b-c frame these are the
reference signals which are compared with actual load Voltage (V,) at load bus. The difference signals are fed
to PWM generator. The PWM generator gives a sequence of six pulses to control the IGBT based convertor, the

universal bridge as shown in Figure: 1.

Vd= Vid dec = Ved 9
\ Lq =V tg_dc + ch (10)
where v’ 4 and v*anre estimated DC components of active and reactive voltage component of reference

load voltages in d-q frame. vy 4c and v ¢ dc corresponding to the source side active and reactive powers and
V¢ and v are the discrete P1 controller outputs corresponding to required active voltage component for self-

supporting DC bus and required reactive voltage component for voltage regulation at load terminal respectively.
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Figure 2 Synchronous Reference Frame Theory (SRFT) Based Controller
F(U) Is A Function Used To Compute Vzas Shown In Fig 4.2 Is Given By Equation 4.3
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Where vy,is the computed magnitude of the sensed load voltage in p.u. and V*Lp is the reference magnitude of
load voltage in p.u. .The d-q components of PCC voltages are computed as per the standard park

transformation .

IV. RESULTS AND DISCUSSION

Case:1

Two types of Disturbances are superimposed on balanced three phase positive sequence source which effects
unbalance in all three phases. First disturbance adds harmonics of Order: 3, Amplitude: 0.2 p.u, Phase Shift; -
25% and Sequence: Zero. Second disturbance adds harmonics of Order: 2, Amplitude: -0.2 p.u, Phase Shift: 35°
and Sequence: Negative. For the sake of clarity waveforms of phase A are only presented though waveform
distortion takes place in all three phases. In the same way DVR also smoothens all three phases but phase A is
only shown. DVR restores all three phases.

This controller works satisfactorily for Removal of Harmonics. The THD of Supply Voltage is 18.9%.It reduces
THD to 1.41%.(avg) and restores magnitude to 1.02 p.u.(avg) .

Case:2

Two types of Disturbances are superimposed on balanced three phase positive sequence source which effects
unbalance in all three phases. First disturbance is of Order: 1, Amplitude: 0.3 p.u, Phase Shift: -25° and
Sequence: Zero. Second disturbance is of Order: 1, Amplitude: 0.2 p.u, Phase Shift: 35° and Sequence:
Negative. For the sake of clarity FFT analysis of phase A is only presented .

This controller works satisfactorily for Removal of unbalance. Using FFT analysis tool of MATLAB

SIMULINK  we come to know that DVR restores magnitude about 1.004(avg.) and THD to 1.05% (avg. )

which are under specified standard limits.
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FFT window: 2 of 150 cycles of selected signal
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Figure : 3 Voltage Wave form at PCC of Phase A( SRFT- Case 1).

Vs

Figure : 4 DC Link Voltage Wave form at input of inverter ( SRFT- Case 1).
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Figure : 9 FFT analysis of Phase A.( SRFT- Case 2).

Table:1 Result Summary.( SRFT- Case 2).

Dist. Mag(p.u.),peak Restored Mag(p.u.) ,peak THD(%)
Phase A | 1.5 1.041 0.92
Phase B | 0.75 0.9856 1.22
Phase C | 0.74 0.9872 1.01

V. CONCLUSION

Synchronous Reference based self supported DVR works satisfactorily for the two cases discussed the results
are well under the standard limits of THD < 5%.

Appendix

SYSTEM DATA OF SELF SUPPORTED DVR

System Element Ratings

AC Main Supply 3Phase, 440V , 50Hz, 10KVA.

DC Link Voltage 170V. Filter Elements Rr=3 (. Lr= 3 mH& Cr=10pF

Injection Transformer 170/250,10KVA

Load 3Phase RL balanced 5KW,440V. pf=0.9.

Universal Bridge IGBT based, PWM switching Frequency:6KHz

Controller Design It changes with the algorithm used as discussed in following chapters.
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