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A Review and Performance Investigation
of NPCC Based UPQC by Using Various
Artificial Intelligence Techniques
This paper presents a comprehensive review and performance investigation of
Neutral Point Clamped Converter (NPCC) based Unified Power Quality Conditioner
(UPQC) by using Artificial Intelligent (AI) techniques. A Novel application of
various levels of Diode Clamped Multi-Level Inverters [DCMLI] with Anti Phase
Opposition and Disposition (APOD) Pulse Width Modulation (PWM) Scheme to
Unified Power Quality Conditioner (UPQC). The Power Quality problem became a
burning issues since the starting of high voltage AC transmission system. Hence, in
this article it has been discussed to mitigate the PQ issues in high voltage AC
systems through a three phase four wire Unified Power Quality Conditioner (UPQC)
under non-linear loads. The emphasised PQ problems such as voltage and current
harmonics along with voltage sags and swells have also been discussed with improved
performance. Also, it proposes to control the DCMLI based UPQC through
conventional control schemes. Thus application of these control technique makes the
system performance in par with the standards and also compared with existing
system. The simulation results based on MATLAB/Simulink are discussed in detail
to support the concept developed in the paper.
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1.

INTRODUCTION

In these days, Power Quality has become the most important factor for both power
suppliers and customers due to the deregulation of the electric power energy market. Efforts
are being made to improve the PQ. Total Harmonic Distortion (THD) is acts as standard to
measure the quality of power. Power quality (PQ) problem is one of the important issue
from last three decades. With the introduction of power electronic component in HVAC
systems make the system more complex and prone to generate harmonics in the system.
While the case would be worst in application of nonlinear loads [1]. Active power filters
(APF) have been one of the high performance equipment for PQ improvement. These APF
could be classified as series APF or shunt APF according to their system configuration.
These series APF importantly looks in to current based distortions, while shunt APF
mitigates voltage based distortions. However, the perfect combination in conjunction with
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system configuration of series and shunt APF is called the UPQC. One of the interesting
proposals to mitigate the power quality problems is the unified power quality conditioner
(UPQC) topology that integrates the capabilities of the series and shunt filter, with back-toback connection of the power converters [2]. It mitigates the current and voltage distortions
simultaneously and independently. Many control strategies have been developed to control
the voltage sags and swells. However, still there is a limitation with the usage of 3 level
power converters. These UPQC provides compensation for voltage harmonics, terminal
voltage regulation, prevention of voltage collapse, voltage instability etc. These objectives
could be achieved using proper control strategy. In [3], it proposes control strategy for
reactive power for three-phase systems with and without neutral wire, and validated its
results for steady state and transient conditions.
In last decade, power industry has gone many changes from very less voltage to
extreme high voltage and begun to demand higher power equipment which now reaches
MW level. Especially, to maintain the quality power at high voltage became difficult with
single semiconductor based converter topologies [4]. For these reasons a new family of
multi-level inverters has emerged as the solution for working higher voltage levels. For the
high performance AC systems at increased power level, high quality inverter output with
low harmonic distortion while maintain the voltage within limits is highly desired.
Multilevel power conversion technology is a very rapidly growing area of power
electronics with good potential for further development [5]. Current trends in converter
technology have extended to include the use of multilevel structures to extend the wellknown advantages of medium power PWM converters into high power levels, particularly
with the availability of high power fully controlled semiconductor devices. An added
advantage of such a multilevel approach is the considerable reduction in both the harmonic
content and the total harmonic distortion of the respective voltage and current waveforms,
as a function of the number of levels of the resulting output waveform [6]. Hence with the
development of such high power converter topologies that allow the control and flow of
electric energy efficiently. Moreover, there has been great improvement in the performance
of these power converter topologies over the years in terms of reducing the harmonic
contents and increasing overall reliability and efficiency, and more improvements will
occur in the future to achieve for the most optimum performance [7].
In last decade, power industry has gone many changes from very less voltage to
extreme high voltage and begun to demand higher power equipment which now reaches
MW level [8-12]. Especially, to maintain the quality power at high voltage became difficult
with single semiconductor based converter topologies. For these reasons a new family of
multi-level inverters has emerged as the solution for working higher voltage levels [12-16].
For the high performance AC systems at increased power level, high quality inverter output
with low harmonic distortion while maintain the voltage within limits is highly desired.
Multilevel power conversion technology is a very rapidly growing area of power
electronics with good potential for further development. Current trends in converter
technology have extended to include the use of multilevel structures to extend the wellknown advantages of medium power PWM converters into high power levels, particularly
with the availability of high power fully controlled semiconductor devices [17-22]. An
added advantage of such a multilevel approach is the considerable reduction in both the
harmonic content and the total harmonic distortion of the respective voltage and current
waveforms, as a function of the number of levels of the resulting output waveform. Hence
with the development of such high power converter topologies that allow the control and
flow of electric energy efficiently. Moreover, there has been great improvement in the
performance of these power converter topologies over the years in terms of reducing the
harmonic contents and increasing overall reliability and efficiency, and more improvements
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will occur in the future to achieve for the most optimum performance [23-25]. In literature
[26], a review was performed on UPQC and some conclusions were made of it. The optimal
sizing and islanding control schemes can be found in [27]. Another important problem in
UPQC’s are harmonics introduction in to system, sag and swell conditions. Various
techniques has been applied to control the sag conditions [28-29], and swell conditions [3031] and harmonic control schemes [32].
2.

UPQC CONFIGURATION

The basic circuit configuration of UPQC is shown in fig.1 (a). The circuit is composed
with linear and nonlinear loads.

ia

Fig.1(a). Unified Power Quality Conditioner with series and shunt APF

The source is described with a voltage source in series with its resistance and inductance
, respectively. The current flowing through each phase could be represented as
,
respectively.The system is with series and shunt controllers and is shown in
highlighted in the fig.1 (a). The system has been executed with the conventional 3 level
controller and 5 level neutral point clamped controller. Various parameters of the system is
described as follows.
,
are the filter parameters of the coupling transformer.
The coupling/ CT is provided with the
for phase ‘a’ and same repeats for other phases
with their phase sequence as ‘b’ and ‘c’ respectively. On the other side, the linear and
nonlinear loads are represented by the , ,
,
respectively. Also, the load system is
arranged with its , respectively. The DC link voltage is
with its supply currents and
voltages as ,
,
and , ,
respectively.
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Fig.1(b) Basic UPQC with DC MLI
The basic clock diagram of UPQC is shown in fig.1(a) and 1(b). It consists of a back
to back connected DCMLI. The main generating station is connected via bus B1 and bus
B2 with a transformer T1. The bus B2 is connected to other grids and nonlinear loads as
shown in figure. The proposed design of a 3-Φ, 3-level DCMLI using Phase Dis position
scheme for conduction of switches is illustrated in Fig. 3. The inverter circuit is constructed
by modifying conventional bridge topology and the addition of bi-directional switches such
as MOSFETs. The circuit is simulated for carrier frequency of 1050Hz with amplitude
modulation index, ma = 0.9. The circuit topology has a DC capacitor voltage source
supplied by a 100V constant DC battery as the energy supply. The MLI gives output at
fundamental frequency of 50Hz and AC magnitude of 100V peak to peak. The output
drives star connected R load of 10Ω each to achieve proper operation of the VSI topology.
The Phase Disposition (PD) firing pulse is generated by comparing triangular waveform of
carrier frequency 1050Hz with modulating sine wave of 50 Hz. The two carrier triangular
waves whose magnitude varies from 0 to 1 and -1 to zero respectively and the modulating
wave. For three-level inverter in PD scheme two carrier waves are used. For M-level
inverter M-1 number of carrier waves will be used. The pulsating signals used to trigger the
switches S1ap, S2ap, S1an and S2an respectively, whose width varies as sine wave, which
control the MOSFETs. -120° and +120° out of phase signals are used to generate the pulses
to trigger the rest two arm switches which are subsystem1 and subsystem2 respectively.
The %THD value for each modulation schemes is obtained by using powergui tool (FFT
analysis) in MATLAB.
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Fig 2: MATLAB Simulation diagram of 3-level DCMLI using PD scheme
In the simulation diagram for phase disposition pulse generation scheme, subsystem
named sine_wave generates the modulating sinusoidal signal of ma = 0.9, at frequency
50Hz. Subsystem Tri_wave generates the two carrier waves. Carrier wave amplitude varies
from -1 to 0 and 0 to 1 for 3-level MLI. Sine wave and the two carrier waves are compared
using the relational operator block and the output signal of the relational operator blocks are
used to trigger switches S1ap and S2ap The circuit is simulated for carrier frequency of
1050Hz with amplitude modulation index, ma = 0.9. The circuit topology has a DC
capacitor voltage source supplied by a 100V constant DC battery as the energy supply. The
MLI gives output at fundamental frequency of 50Hz and AC magnitude of 100V peak to
peak. The output drives star connected R load of 10Ω each to achieve proper operation of
the VSI topology. The Phase Disposition (PD) firing pulse is generated by comparing
triangular waveform of carrier frequency 1050Hz with modulating sine wave of 50 Hz. For
three-level inverter in PD scheme two carrier waves are used. For M-level inverter M-1
number of carrier waves will be used. Fig 3 shows the output of simulation results of fig 3,
the pulsating signals used to trigger the switches S1ap, S2ap, S1an and S2an respectively,
whose width varies as sine wave, which control the MOSFETs. -120° and +120° out of
phase signals are used to generate the pulses to trigger the rest two arm switches which are
shown in fig 3 as subsystem1 and subsystem2 respectively. The %THD value for each
modulation schemes is obtained by using powergui tool (FFT analysis) in MATLAB. In the
simulation diagram for phase disposition pulse generation scheme, subsystem named
sine_wave generates the modulating sinusoidal signal of ma = 0.9, at frequency 50Hz.
Subsystem Tri_wave generates the two carrier waves, as shown in fig 5.24. Carrier wave
amplitude varies from -1 to 0 and 0 to 1 for 3-level MLI. Sine wave and the two carrier
waves are compared using the relational operator block and the output signal of the
relational operator blocks are used to trigger switches S1ap and S2ap. When these signals
are passed through NOT logical operator then compliment signals are generated and are
used to trigger S1an and S2an switches.
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Fig 3(a): Firing pulses generated using PD scheme for 3-level
From the simulation analysis performed on the 3-level inverter of Fig. 3(b), the
resultant output waveforms as obtained are shown in Fig 3(b). The FFT analysis of the
output phase voltage and line voltage waveforms are shown in the figs 3(c). The
fundamental at 50Hz and THD% is also mentioned in the figs. The Table 1 shows the
values of THD% for phase and line voltages at different values of ma ranging from 0.5 to
1.0. From the results tabulated in 1 and the graph shown in fig 3(d), it is clear that as the ma
increases the THD% decreases. This is due to increase in ma, the number of switching
transition in one switching cycle increases resulting in lower THD%.

Fig 3 (b): Output waveform for 3-level DCMLI, PD scheme
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Fundamental (50Hz) = 43.47, THD = 62.84%
Fig 3(c): FFT analysis of Phase Voltage of 3-level DCMLI, PD scheme

Fundamental (50Hz) = 75.29, THD = 38.07%
Fig 3(d): FFT analysis of Line Voltage of 3-level DCMLI, PD scheme

Table 1: THD% values at different values of ma for 3-level DCMLI, PD scheme
Phase Voltage
ma
0.5
0.6
0.7
0.8
0.9
1.0

No of
levels
3
3
3
3
3
3

Line Voltage

Fundamental

THD%

No of levels

Fundamental

THD%

24.28
29.1
33.9
38.7
43.47
48.21

121.66
103.64
88.49
75.13
62.84
51.01

3
5
5
5
5
5

42.06
50.39
58.72
67.02
75.29
83.5

66.77
48.00
43.34
41.02
38.07
34.51
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(a) For Phase Voltage
(b) For Line Voltage
Fig 3(e): THD vs ma for 3-level DCMLI, PD scheme, mf = 21
In the fig 3(e) the FFT analysis of phase voltage for 3-level DCMLI is shown in which
the 21st harmonic magnitude is very high because the frequency modulation index is
observed to be 21. From the FFT analysis it is clear that the lower order harmonics are not
present and THD has decreased to a very lower extent compared to 1-Φ converters.
3.

SEVEN LEVEL NPCC/DCMLI

Similarly for seven level DCMLI, the number of switches used in each arm is 12
i.e., 6 in the upper half and 6 in the lower half. Capacitors for dc supply required are 6 and
each will have a dc voltage of 100/6 for 100V input dc. The load used is same. Here we
require 6 carrier waves to generate triggering pulses.

Fig 4(a): MATLAB Simulation diagram of 7-level DCMLI using PD scheme
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In the fig 4(a), subsystem tri_wave generates 6carrier waves which are compared
individually with the sine wave to generate 12 triggering pulses to trigger the switches of
each arm. Similarly 120° out of phase pulses are generated and are used to trigger other two
arm switches

Fig 4(b): Output waveform for 7-level DCMLI, PD scheme

Fundamental (50Hz) = 37.74, THD = 25.16%
Fig 4(c): FFT analysis of Phase Voltage of 7-level DCMLI, PD scheme

203

Venkata Rami Reddy K & T Gowri Manohar: A Review and Performance Investigation of NPCC

Fundamental (50Hz) = 65.37, THD = 14.68%
Fig 4(d): FFT analysis of Line Voltage of 7-level DCMLI, PD scheme
Table 2: THD% values at different values of ma for 7-level DCMLI, PD scheme
Phase Voltage
ma

Line Voltage

No of
levels

Fundamental

THD%

No of levels

Fundamental

THD%

0.5

5

18.29

46.98

7

31.68

29.10

0.6

5

23.21

38.00

9

40.19

19.96

0.7

7

27.95

27.33

9

48.4

18.62

0.8

7

32.72

26.94

11

56.66

15.25

0.9

7

37.74

25.16

11

65.37

14.68

1.0

7

42.72

19.43

13

74

11.60

(a) For Phase Voltage
(b) For Line Voltage
Fig 4(e): THD vs ma for 7-level DCMLI, PD scheme, mf = 21
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Fig 4.(d) shows the simulation results, figs 4.(e)-4.(f) shows the FFT analysis of
the above results. By varying amplitude modulation ratio, variation in the fundamental
voltages and the THD% are noted and tabulated in the table 2. In the above analysis, the
simulation results of 3-level, and 7-level DCMLI were found using Phase Disposition
scheme. Compared the three different levels observations at a particular value of ma = 0.9
and mf = 21. Table 3 shows the reading and the graph in fig 4(e) shows the comparison
results. From the graph it is clear that as the number of levels increases, the THD%
decreases to a very large extent.
Table 3: Comparison of THD% for different levels of DCMLI (PD), ma = 0.9 & mf = 21
No of levels
3
5
7

Phase Voltage
Vf
THD%
43.47
62.84
40.43
34.25
37.72
25.16

Line Voltage
Vf
THD%
75.29
38.07
70.02
17.99
65.37
14.68

Fig 4(f): THD% vs M (no of levels) for DCMLI, PD scheme, mf = 21
4. CONTROLLER DESIGN
ANN became most prominent in solving the issues science and technology. ANN
control have been classified basically in to two categories such as system identification and
control. For feedforward network with nonlinear, continuous and differentiable activation
functions of ANN have accurate approximation capability. Recurrent networks have also
been used for system identification. Given, a set of input-output data pairs, system
identification aims to form a mapping among these data pairs.There could be several
training methods that can able to apply. However, the dynamic model can be represented as
a function of measured variables. The mathematical model can be written as shown in
eq.(1).
=
⋯ … . . '* )

−1 +
−+ ,

− 2 + ⋯……..

−

+ $ % &'( )

+' )

−1 +
(1)
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Where ‘u’ is the control input and ‘y’ is the plant output respectively. ‘a’ and ’b’
are the denominator and numerator co-efficient with a time delay ‘d’. The nonlinear
function ‘f’ have the dynamic model of the plant I(k). This consists of u, y and d.
= .&
+ ,
− 1 + ,………..
− + + &)
+) −1 +
⋯……..) − + ,
(2)
Due to itself learning ability, it does not require extensive information. Also the
system consists of weight and errors are represented with /01 and 21 respectively.
∆/01 + 1 = 21 41 + 5/01
+ 6/01 − 1
(3)
Where ‘n’ is the converging factor, 5, 6 are the constants.
A fuzzy control system is a control system based on fuzzy logic—
a mathematical system that analyzes analog input values in terms of logical variables that
take on continuous values between 0 and 1, in contrast to classical or digital logic, which
operates on discrete values of either 1 or 0 (true or false, respectively).

5. SIMULATION RESULTS
The proposed configuration is tested with the various conditions such as system with
harmonic mitigation scheme with PI, ANN and Fuzzy controllers. Then, system is tested
for nonlinear loads with PI, ANN and Fuzzy controllers. Finally, system is tested for sag
and swell conditions. All system simulation parameters has been observed and compared
with the other technique in literature and found these were showing the promising results.

(a)
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(c)

(d)

Fig.5 (a). System with nonlinear loads executed with ANN controller; from top, source
voltage, load voltage, load current, injected voltage, and harmonic spectrum (b) With Fuzzy
Logic controller; source voltage, load voltage, load current, injected current, harmonic
spectrum (c) System with nonlinear loads executed at sag conditions; source voltage, load
voltage, load current, injected voltage, and harmonic spectrum (d) System with nonlinear
loads executed at swell conditions; source voltage, load voltage, injected voltage, load
current and harmonic spectrum
Table: 4 System with Harmonic compensation Technique
Type
UPQC
PI
PI at Fault
Fuzzy
fuzzy with fault
ANN
ANN Fault

THD at Source
Voltage
0.01
0.01
0.01
0.01
0.00
0.00

Current
2.81
1.42
1.41
1.41
0.84
1.42

THD at Load
Voltage
0.31
6.18
0.17
5.78
0.08
5.90

Current
20.81
21.50
21.47
21.50
20.80
21.49

Table: 5 System with Nonlinear load
Type
UPQC
PI
PI at fault

THD at Source
Voltage
Current
24.99
2.45
24.99
1.65

THD at Load
Voltage
3.76
26.53

Current
2.32
22.50

Fuzzy

25.00

1.31

1.88

22.40

fuzzy with fault

25.00

2.10

26.39

22.01

with ANN

24.99

2.16

1.13

22.30

ANN Fault

24.99

1.10

26.41

22.10
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In this section, the system is tested with PI, ANN and fuzzy controllers with proposed
PWM scheme and its proposed circuit is shown in fig.5. The variable gain value is shown
in respective figures. However, the THD observed for the system is shown in table.4. Also,
the system is tested with L-G fault condition and its results in the form of table has been
tabulated in table.4. In the same way, the system is tested with non-linear loads and its
outputs with PI controller, ANN controller and fuzzy logic controller has been shown in
fig.5 (d), fig.5 (a) and fig.5 (b) respectively. The results of the system is shown in table.2.
Further, the system has been tested with sag and swell conditions and its output waveform
are reported in fig. 5(c) and fig. 5(d) respectively. Further, all the results has been tabulated
and shown in table.3. From the all above results, the system is stable and consisted for
various conditions such as distributed, fault, nonlinear and unbalanced conditions. The
system is stable and showing the promising results. The system with nonlinear loads is
showing the Total Harmonic Distortion (THD) is 0.31, 0.17, 0.08 with PI, fuzzy and ANN
controller. Hence, the system with ANN is best compared with all other techniques.
6.

Conclusion

Neutral Point Clamped Converter (NPCC) based Unified Power Quality Conditioner
(UPQC) by using Artificial Intelligent (AI) techniques has been executed. Application of
AI techniques such as Artificial Neural Networks (ANN), Fuzzy Logic are growing fast in
the area of power electronics equipment based UPQC has been executed with various
conditions. The system is tested with harmonic mitigation scheme, nonlinear loads, sag and
swell conditions. The system with nonlinear loads is showing the Total Harmonic
Distortion (THD) is 0.31, 0.17, 0.08 with PI, fuzzy and ANN controller. Hence, the system
with ANN is best compared with all other techniques.
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