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Abstract:-Voltage sags and current harmonics are prominent
power quality issues that are needed to be taken into account
primarily. For mitigation of such power quality issues an Open
Unified Power Quality conditioner (UPQC), for which the neces-
sary reference signals are extracted using an algorithm that relies
on the Enhanced phase locked loop and adaptive non-linear filter
has been used. The complex nonlinear and time variant algorithm
is analyzed in a simple way. Gate pulses for the UPQC are gener-
ated through hysteresis control. A new fast sag/swell detection
technique along with fast termination of enable signal has been
proposed. Along with this time limit on duration of compensation
has been imposed. The proposed system was simulated in Mat-
lab/Simulink and results are verified with standards.
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I INTRODUCTION

With wide spread use of power electronic technology, there is an
alarming raise of power quality problems. UPQC can be used to
mitigate some of those problems. Passive filters have been used
age long to minimize the harmonics, which involves complex
tuning of filters for eliminating each frequency. Because of
which the current quality improvement is limited. Means, Total
harmonic distortion cannot be improved below 15%.The control
technique used for series and shunt converter must be fast in
dynamic response in order to quickly detect and track the re-
spective command signal. For the shunt converter the reference
signals necessary are usually generated by P-Q theory [2]and for
series converter d-g transform[3].

In this paper for both the converters a new algorithm from[1] has
been used to extract the necessary reference signals. Generally,
the hysteresis method for shunt converter and SVPWM for series
converter are used for power amplification. In this paper, hys-
teresis method is used for both the converters because of its high
dynamic performance which is essential for this particular
application.

Main PCC
Supply Vs Vi Lo
Vinj L I

— o——m z

Z. | _ |

‘.Vo}tage quality
improvement MNon near Load
Is : Supply current

Cs Le

IR0 S3U2S

I : Load current
L . Injected current

Vs : Source voltage

Vi : Load voltage

Vinj ¢ Injected voltage
Zs * Source Impedance
Lea @ Choke reactor

Cf : Filter capacitor

L
Current quality \ L)
improvement
LHII
Vs

”

C 2 Z. : Load impedance
Lf : Filter Inductor
Len : Smoothing reactor

Fig.1: Block diagram of proposed system connected to open UPQC
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The sag detection by monitoring of 1l(vd2 +Vq2) used

in[4]and Fast sag detection which is proposed in[1] has certain
disadvantages. Hence the method proposed in [1] has been
improved.

The contributions of this paper are:

1. A control algorithm based on enhanced PLL and
non-linear adaptive filter has been implemented and analyzed
in a simple way. For the compensation purpose open UPQC is
used.

2. Hysteresis method is used for generating gate pulses to
both shunt and series converters.

3. The novel sag detection method which can both detect
the sag quickly and terminate the enable signal quickly soon
after voltage sag, is being implemented. Along with this time
limit of compensation has been imposed on the system.

Il. UPQC CONNECTED TO PROPOSED SYSTEM

The Open UPQC configuration selected consists of two vol-
tage source converters [VSC1 and VSC2].This configuration
has the advantage of elimination of large dc link capacitor re-
quired and a controller required to maintain its output voltage
constant.VVSC1 is the series converter and VSC2 is the shunt
converter, which are connected back to back through a dc vol-
tage source. The Lsand Cs forms the filter circuit, Ly is for
smoothening of current injected and L, is for enhancement of
load. A simple diode non-linear load is considered for analysis.
The parameters of the test system are given in [1]. The whole
setup is shown in figure.2.
The circuit of VSC2 consists of a three phase inverter while
the circuit of VSCL1 consists of three single phase H-bridge
inverters. The inverters can be operated in two modes. The
shunt converter operates continuously injecting harmonics,
while the series converter comes into picture on the detection
of sag.
I1l. CONTROL OF SERIES CONVERTER

It includes individual extracting of error signal from each
phase, detecting the sag and generating the Gate pulses at re-
spective time of occurrence of sag.
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Fig.2: Proposed algorithm

A(t) = Input Signal

B(t)= The difference between input and system
C(t)=The amplitude of D(t)
D(t)=Synchronized fundamental component
E(t)=PLL Signal

The proposed algorithm is extracted from the novel reference
signal generation method [1].The PLL signal unlike normal
PLL not only locks the phase but also the magnitude of the
supply signal. The error signal can therefore be obtained by
subtracting PLL signal from supply signal. The mathematical
analysis of the algorithm is given in [1].

A. Simulation of algorithm

An L-G fault on the proposed system is created in be-
tween 1.5 to 1.6 sec which creates sag of 0.25p.u. various ref-
erence signals obtained from the simulation of algorithm are as
shown below.
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Fig. 3: Extracted components from supply voltage
B. Analysis of the algorithm:
The algorithm is analyzed in a simple way other than
that in [1].
Stepl: A(t) =B (t) = sin wt....from fig 2
The output from summer block = sin wt +pi
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(Considering, t=0.01)
Step 2: O(t) = (1/0.01)* I (sinwt + pi).dt

=100*[- cos wt/w +pi*t]
The first term being small when compared with second term,
hence can be neglected.

Hence 6(t) =100*pi*t =314t.

Step 3: E (t) = sin (314t) 1)
Equation (1) is Enhanced Phased Lock Loop (PLL)
Signal.

Step4: C(f) = j [B(t)*E(t).dt @)
For first half cycle:
0.01

C (t) = 1/0.01 j sinwt*sinwt.dt +C; 3)

0

0.01

= 1/0.01 j(l— cos2wt)/ 2. dt
0

=1/0.01*[1/2 ] =1/2 ----- after half cycle.
D (t) =0.5 sin wt, B (t) =A (t)-D (t) = 0.5 sin wt
For second half cycle:

0.02
C () =10.01 [1/2sinwtxsinwt +C ()
0.01
C (t) =1/4+1/2
Then after a full cycle, D (t) = % sin wt,
B (t) =1/4sin wt,
After integration;
C (t) =1/8+1/4+1/2;
C (t) follows the sequence
C (t) =1/2+1/4+1/8+1/16+................. o0,
They are in Geometric Progression.
Sum of infinite terms = a/ (1-r) =0.5/ (1-0.5) =1. Where, ‘a’ is
the initial term and ‘r’=multiplication factor.
Therefore C (t) settles to 1 while D(t) settles to 1 sin wt.

C. Analysis of the algorithm when 0.25 p.u. sag has occurred
A (t) =0.75 sin wt and D (t) =sin wt
Therefore,B (t) =-0.25 sin wt
0.02
C (9 =1/001 [-0.25sin’ wt.dt +Ci (5)

0.01
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= -1/8+1 after first half cycle of occurrence of sag.

After consecutive half cycles
=1-(1/8)-(1/16)-(1/32)-...c.eeeeene infinite terms
=0.75p.u

Whenever the sag terminates A (t) = sinwt, D (t) =0.75sinwt

0.01

C (t) =1/0.01 J'0.253in2 wtdt+c, (6)
0

C (t) =1/8+0.75,
After consecutive cycles
=0.75+1/8+1/16+1/32....... =1 as they are in G.P.
D. Analysis of algorithm when third harmonic is present in A
(®):
Consider the input signal to the algorithm has third
harmonic component
A (t) = sin wt +0.2 sin 3wt = B ()
For first half cycle;

0.01

C () =100 J(sinvvt+0.23in3wt)xsinwt.dt +Ci(7)
0

0.01

= J [(1—cos2wt/2)+0.2/2 x (cos 2wt —cos 4wt).dt =
0

1/0.01*[1/2t] + 0 =1/2 ----- after half cycle.

D (t) =0.5 sin wt, B (t) =A ()-D (t) = 0.5 sin wt+0.2 sin 3wt
After few consecutive half cycles, C (t) becomes equal

to 1(the reason explained above) and hence D (t) becomes sin

wt, hence B(t) = A(t)-D(t) = (sin wt+0.2 sin 3wt)-(sin wt) =

0.2 sin 3wt.

t—=L 5 o0 B(t) = 0 [ In case A(t) is free of harmonics]

t—=L 5 0o B(t) = Sum of all the harmonics [ In case A(t)

contains harmonics].
E. Hysteresis voltage control

Hysteresis voltage control is used for power amplifica-
tion of error signal [5]. This is chosen because of its high dy-
namic performance. The block diagram involving the series
converter control is as follows.
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Fig.4: Hysteresis voltage controller
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Vi=Vret+ HB in rising case.
Vi=Vret— HB in decreasing case.

Hysteresis voltage controller uses the on -off relay to give the
gate pulses to the series convertor. A fixed band is set through
the on-off relay. The output of on-off relay changes every time
the inverter output touches the band limits and a sinusoidal
wave at the inverter output is obtained within the band to be
injected into the line [5].This should happen only when the
error is between 0.1-0.9 so an enable signal is used to pass the
gate pulses only when the error is within the IEEE standards.

F. Sag/Swell Detection Method
The sag/swell detection method proposed in [1] has the

disadvantage of time taking in turning down the enable signal
if the sag is deep. Hence the inverter continues to inject error
voltage before c(t) can settle to 0.9 p.u. which can result in
unnecessary injection of harmonics. Hence a hew method that
uses error derivate term over a cycle is also considered for
success full termination of enable signal soon after the termi-
nation of sag. The derivative of 1-C(t) changes from positive
to negative soon after sag. This logic is used to make the ena-
ble signal low soon after sag.

Sag/swell
Detection Signal

Phase
Voltage

Hysteresis
Comparator

Reference

Fig.5: Block diagram of sag detection technique in[1]

Sag of magnitude 0.25 p.u. from 1.5 to 1.6 is created on the
proposed system and the sag is detected after 0.0054 sec after
initiation of sag as shown below. The sag detection method’s
ability to terminate the enable signal soon after the sag is
compared with that in [1].
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Fig.6: Block diagram of the proposed Sag detection method .
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Fig.7 : a)Enable signal termination capability of the method used in[1] and
b)proposed method.

It can be clearly observed that the enable signal prolongs
up to 1.62 sec using the method in [1] whereas using the pro-
posed sag detection method it is up to 1.602 sec. This will en-
hance the quality of voltage injection using series inverter
which would be discussed in the results part.

G./Modified Technique that Considers Time into account

The integration of 1-C (t) term is considered in order to
take time into account. There is a need to differentiate between
sag and under voltage. Under voltage is for long duration
(greater than 1 min) and hence should be taken care by the
source. The integrated value of 1-C (t) term is compared with
the value of 1-C (t).Here the unit is designed for voltage com-
pensation only up to 1 sec. Similarly, time limit can be set for
1 min also.
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Fig.8: Modified technique considering time of compensation

I1l. CONTROL OF SHUNT CONVERTER

The shunt converter control includes the extraction of
harmonic components and generating the gate pulses to the
converter.

The same algorithm used for extraction of reference sig-
nals for series converter is also used for the shunt converter
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control. B (t) signal is harmonic component in p.u. that is to be
injected. The B (t) signal is power amplified using shunt con-
verter.

For generating gate pulses for the shunt converter hyste-
resis current controller [6] which is similar to that of hysteresis
voltage controller has been used. The extracted current refer-
ence signals are as follows. The gate firing circuit for three
phase converter is shown below:
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Fig.10: Various extracted components of load current.

IV. SIMULATION RESULTS:

Two test cases are taken,
A. Case.l: operation under normal condition:

Under normal condition, VSC1 is on and VSC2 is off
.Due to non-linear load the THD of the supply current is about
25% whereas after the compensation the THD has been im-
proved to 4.15% by the use of hysteresis current control tech-
nique. The THD analyses of supply current before and after
compensation are given in fig.10. Various harmonic compo-
nents of load current and source current are given in table 1.
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Fig.11: a) The THD analysis of supply current before compensation and b)
after compensation.

B. Case.2: Under fault condition

A single phase L-G fault of magnitude 0.25 p.u.is created
from 1.5 to 1.6 secs. As soon as the sag occurs, the sag detec-
tion technique enables the gate pulses to the inverter. So,
bothVVSC1 and VSC2 are on during this test case. The deficit
voltage is injected by series converter as soon as sag is de-
tected as shown in fig.13

primary voltage in volts

146 18 15 15 15 156 158 16 162 164 166
Time (s)

Fig.12: Injected voltage due to proposed sag detection technique in [1].
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Fig.13:Injected voltage using proposed sag detection and enable termination

IR RN
T e,
MmN
NN AT
RN
NERRARERRARERN

Temsecs
Fig.15: Load Voltage and Source when sag of duration
1.5 secs is created
The extra injection of the voltage as shown in fig.12 due
to method in [1] is inappropriate after the sag is terminated.
The proposed method however eliminates the inappropriate
voltage injected after the termination of sag. That extra voltage
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Table.1: Harmonic components of load current and source current w.r.t fun-

damental.
THD content of I, Load current THD content of I Source current
Order % Order % Order % Order %
1 100 16 0 1 100 16 0.14
2 0.01 17 2.69 2 0.35 17 1.34
3 0.04 18 0 3 0.42 18 0.09
4 0 19 2 4 1.44 19 0.56
5 20.99 20 0 5 1.68 20 0.26
6 0 21 0.02 6 0.22 21 0.05
7 10.47 22 0 7 1.26 22 0.16
8 0 23 1.15 8 0.87 23 0.91
9 0.04 24 0 9 0.12 24 0.16
10 0 25 0.9 10 0.58 25 0.56
11 6.62 26 0 11 0.14 26 0.17
12 0 27 0.01 12 0.08 27 0.06
13 4,54 28 0 13 0.87 28 0.09
14 0 29 0.71 14 0.11 29 0.69
15 0.03 30 0 15 0.08 30 0.06

V1. CONCLUSION

A novel algorithm based on the enhanced phase locked loop
and non-linear adaptive filter is used and analysed in a different
and simple manner. The Gate pulses for Open UPQC are gen-
erated through hysteresis control technique and the sag detec-
tion and enable termination method has been improved and a
time limit is imposed on duration of compensation. The THD of
the supply current is as low as 4.15%.The load voltage is
maintained within in the IEEE standards using Open UPQC.
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