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Abstract - In this paper, a dual converter topology is introduced to improve the power quality of the distribution system. A dual converter
topology with a common link capacitor and Photo Voltaic (PV) array is connected to the low-voltage line to improve the power quality. The
PV source injects active power into the line for the reduction of power consumption from conventional sources. One of the converters is
connected in series, and the other is connected in parallel or shunt to the low-voltage line. The series-connected converter compensates for
the voltage fluctuations and drops, whereas the shunt-connected converter mitigates the harmonics generated by the non-linear load. Both
converters work in synchronization with the main source voltage by taking feedback from the source voltages. The shunt converter is operated
with different control algorithms which improve the harmonic mitigation in the source side. Initially, a traditional Proportional Integral (PI)
controller is introduced as a DC voltage regulator in the shunt controller. Later the PI controller is replaced with Proportional Resonant (PR)
and Adaptive Fuzzy - Pl (AF-PI) controller for better performance of the DC voltage regulator. With the new adaptive controllers, the damping
and oscillations are reduced to a great extent reducing the harmonic content in the voltage and currents on the main source side. A comparative
analysis is carried out with these mentioned controllers using MATLAB software, validating the results using tools from Simulink software. A

comparison table will be provided comparing different parameters of the system and determining the best controller.

Keywords - Photo Voltaic (PV), Proportional Integral (P1), Proportional Resonant (PR), Adaptive Fuzzy - Pl (AF-PI), MATLAB.

1. Introduction

With the expansion of the grid to longer and larger areas
for compensating large and heavy loads, the power quality is
compromised. Different types of loads connected to a single
grid pollute the devices connected to it also damaging them.
Apart from these polluting loads, there are other factors, such
as natural phenomena like lightning, line faults due to external
objects, or line disconnection due to natural disasters. Because
of these faults and loads, the voltage magnitude and structure
are affected, which in turn affects the currents of other
equipment. These faults create voltage sags, swells, and
harmonics in the grid, which are considered to be the most
affecting power quality issues. To mitigate these issues several
devices like Flexible AC Transmission System (FACTS)
devices, Distribution Generation (DG) units, or capacitor
banks are integrated into the grid [1].

The capacitor banks can compensate only the reactive
power requirement of the load. This reactive power
compensation only improves the voltage magnitude of the bus
to which it is connected. Overcompensation at the bus (more
reactive power) leads to a swell in the voltage magnitude,
which may cause more adverse issues on the grid. The DG

0]e]S)

units are renewable power generators that induce renewable
power at a local bus with very little possibility of solving the
power quality issues [2].

The FACTS devices are considered to be power quality
improvement devices. These devices are designed with power
electronic circuits operated in synchronization with the grid to
which it is connected. The FACTS are different types; some
are connected in series, and some in shunt to the grid. The
series circuits are considered to be voltage modules, and shunt
circuits are current modules.

In previous research, the series modules connected to the
grid provide voltage compensation, which maintains stable
voltage in the grid [3]. On the other hand, shunt modules are
connected to provide harmonic and reactive power
compensation to the grid. There are many publications [4] on
the series modules, which can be Static Series Synchronous
Compensator (SSSC), Dynamic Voltage Restorer (DVR),
Series Active Power Filter (APF), etc. The shunt modules can
be Stattic Synchronous Compensator (STATCOM), Shunt
APF, VAR compensator, Thyristor Controlled Switched
Reactance (TCSR), etc.
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Fig. 1 MLC DCT with PV source structure

A custom device can be designed with a FACTS circuit
included with renewable sources. This custom device can
improve the power quality and also inject active and reactive
powers into the grid [4]. As per the previous research, circuits
of FACTS, back-to-back connected Voltage Source
Converters (VSCs) are modelled named to be Dual Converter
Topology (DCT) [5]. This DCT is connected with a common
DC link capacitor on the DC sides of the VSCs. The VSCs
included are 7-level cascaded H-bridge Multilevel Converters
(MLC). One of the converters is connected in series and the
other is connected in parallel to the grid [5]. Along with these
two MLCs and capacitor elements, a PV source is also
connected at the DC link for renewable power sharing.

The DCT now has the capability to improve power quality
and also compensate for active and reactive powers on the
grid. Figure 1 depicts the design of the MLC DCT with a PV
source connected to the grid in shunt and series configuration.
As observed in Figure 1 the PV source is connected at the DC
link of the DCT for renewable power sharing through the
MLCs. The Shunt MLC is connected at the 3-ph grid side, and
the series MLC is connected at the load side through filters
(Lsh and Lse).

For DC link voltage stability, a high-rating capacitor is
connected at the DC link. The series converter stabilizes the
voltages, and the shunt converter injects active and reactive
power [6]. Both the MLC circuits are controlled by the Phase
Disposition (PD) Sin Pulse Width Modulation (PWM)
technique. The reference signals for the PD-PWM technique
are generated by a grid Synchronization Reference Frame
(SRF) controller.
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The paper is arranged in Section 1, including the
description of the proposed MLC PV DCT topology structure
and its importance. Section 1 is followed by Section 2, which
is the design of the MLC PV DCT. This section has the
internal circuit modeling of the proposed topology and its
operating principle. In the next Section 3 the control structure
modeling for the control of cascaded MLC is designed.
Advanced controllers like PR and AF-PI are introduced into
the control structure, replacing traditional PI controllers for
enhancement of the performance of the DCT. A comparative
analysis with PI, PR and AF-PI controllers of DCT is carried
out and presented in Section 4. A parametric analysis is done
using a simulation of the proposed topology with the help of
MATLAB Simulink tools. The final Section, 5 is the
conclusion to the paper with validation of the best controller
for MLC PV DCT performance followed by references.

2. MLC PV DCT Configuration

From several FACTS devices available for power quality
improvement, the DCT is considered to be the most viable and
optimal selection. Most of the other devices can only improve
either voltage profile or current profile selectively on the
source or load side. The DCT has to capability to improve both
voltage and current profiles of the source and also load. The
conventional DCT is a combination of two 6-switch VSC
circuits connected back-to-back with a common capacitor [7].
One of the converters is connected in series on the load side
and the other is connected in shunt at the source side.

For enhancement of the converter with better harmonic
mitigation, the conventional 6-switch VVSCs are replaced with
cascaded 7-level MLCs.
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Fig. 3 P&O MPPT flow chart for duty ratio generation

Similar to the conventional DCT, the MLC DCT also has
a common capacitor connected between the 7-level MLCs [8].
Along with the replacement with MLCs, a PV source is also
integrated into the DCT at the DC link for renewable power
sharing [9].

This renewable power is shared either through the series
MLC or the shunt MLC as per the demand from the grid. A
detailed internal structure of the ‘7-level cascaded MLC PV
DCT’ is presented in Figure 2. The circuit in Figure 2
represents only one phase structure with 3 cascaded H-bridges
connected to common DC link capacitors. All these capacitors
(Cdc1, Caez, Cacz) connected in parallel can be replaced by a
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single high-rating capacitor commonly connecting the two
sets of bridges [10].

All the neutral terminals from the cascaded bridges are
commonly grounded, and the phases are connected to the grid
in series or shunt [11]. At the common DC link, there is a PV
module connected to the PV array and boost converter. The
boost converter extracts maximum power from the PV array
utilizing the Perturb and Observe (P&QO), Maximum Power
Point Tracking (MPPT) technique [12].

The converter also increases the voltage amplitude from
the PV array, making the PV module share power at the
specified operating voltage of the MLC DCT. The MPPT flow
chart for the generation of duty ratio to the IGBT switch of the
boost converter is presented in Figure 3.

As per the measured signals of the present voltage of the
PV array (V(t)), present power of PV array (P(t)), past
voltage of PV array (V(t — 1) ) and past power of PV array
(P(t — 1)) the duty ratio (D (t)) for the switch is calculated by
the given comparative expressions:

D®)=D(t-1)+

IfP)>P(t—1VDand V() >V(t—-1)
AD {If P(t) <P(t—1DamdV(t) <V(t— 1)} @)
Dt)=D({t—-1)—

IfP)<P(t—1VDand V() >V(t—-1)
AD {If P(t) >P(t—1DamdV(t) <V(t— 1)} @)

Here, D(t — 1) is the past value of the duty ratio, and AD
represents the change in the duty ratio [12]. The AD value can
be adjusted as per the response of the converter adjusting the
MPPT gain (K,,,:) expressed as:

AD = [TMEE g 3)

Here, Kd is the percentage of duty ratio change, generally
taken as ‘0.05° (5%). Further reference signals generation for
the ‘cascaded 7-level MLC DCT’ and controllers are
discussed in the next section, followed by a result analysis of
the design.

3. Controller Design

Both the 7-level cascaded MLC need to be controlled in
synchronization with the grid voltages, as both the MLCs are
connected in parallel and series connection to the grid. Both
the MLCs are controlled by the PD-Sin-PWM technique,
where the reference Sin signals are compared to level-shifted
triangular waveforms for the generation of pulses to the
switches in MLCs. The reference Sin signals are generated by
SRF control designed with feedback from the grid voltages
and currents [13]. Figure 4 depicts series MLC control.
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Initially, the source and load voltages (Vsanc and Vi anc) are
transformed into dg-components for the reduction of
controller complexity [14]. This is achieved by ‘Park’s
transformation’ expression give:

Sing —Cos6 0
Cos ] Sln e 0 Fb 4)
1ILE,

Here, ‘F’ can be any variable like voltage or current. The
‘6’ denotes the angle of the grid voltage of phase A
determined by PLL (Phase Lock Loop). As per the generated
dg-components of the source and load voltages, the reference
signals (Vseac) for the series MLC are calculated as follows:

Vsga = (VL*d - VSd) = (Via = Vsa) Q)
Vszq = (Vig = Vsq) = (Vg = Vsq) (6)
Sin 6 Cos 0 1

Ezz _ Sin(ﬁ—z?n) Cos(e—%”) 1 ‘]22‘: @

Vskc Sin (0 + 2?”) Cos (9 + 2?”) 1| LVsko

Here, Vi, is taken as ‘0’, representing no biasing of
signals. The given reference signals are compared to level-
shifted carrier waveforms for the generation of gate pluses, as
presented in Figure 5.
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Fig. 5 PD-Sin-PWM technique

The (us-us) signals represent carrier signals with high-
frequency levels shifted, with 3 on the positive and 3 on the
negative side. U is one of the reference Sin signals generated
as per equation (7). Gate pulses to each phase MLC are
generated as per the Uy signal [15]. Similar to the series
controller, the shunt controller design is structured by
replacing voltages with currents presented in Figure 6.
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Fig. 6 Shunt MLC controller structure

The load current dg-components are generated as per
expression (4) and PLL [16]. The signals iLd and iLq are
filtered with a Low Pass Filter (LPF), reducing disturbances
in the signals and creating filtered components i grand i qr. The
reference signals (isac’) for the converter are generated by
below given expressions:

irg = lap + Lioss (8)

Lipss = Vae — Vdc(Kp dc T fKi dc-dt) 9)

Here, V. is the reference voltage, and V.. is the measured
voltage of the DC link. K, 4. K; 4. are the DC voltage regulator
(Pl controller) gains. From the reference dg-current
components, the isaxc are generated using expression (7). The
isanc Signals are compared to measured source currents (isanc),
and a current regulator generates final Uyt signals for the shunt
MLC PD-Sin-PWM technique [15].

The tuning of the voltage regulator (PI) changes the
performance of the MLC. With a better adaptive and hybrid
controller at the voltage regulator enhances the capability of
the controller with reduced disturbances. With reduced
disturbances in the controller, many factors in the system are
affected, and the quality of the signals improves. Some
advanced controllers are proposed in this paper which replace
the conventional Pl controller for performance enhancement
of MLC PV DCT.
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3.1. PR Controller

Pl and PR controllers are considered to be similar
controllers, with the PR controller having the upper hand over
PI because of the integration property. The PR controller has
a greater advantage of non-occurrence of static error. As the
resonant frequency integrates near the fundamental frequency
even phase shift does not occur.

PR controllers can be defined with specific harmonic
filtration with multiple levels of creation at the R controller
[17]. However, a fundamental resonant gain is connected,
making the other filters optional which can be arranged as per
the requirement. A simple PR controller internal structure with
a harmonic compensator module is presented in Figure 7.

Fundamental PR Controller
. (@ ™) *
AV Ve { ] U
dc Y k
p
Vdc
sxKk;
. | 2 2
. s Xw
: Harmonic Compensator :
: (@ . W :
— sxk; - E— ,@
2 2
: S X® b
E :
Seasanil — . .......
; Q
: SX ki7
v sl T
L 2 J

Fig. 7 PR controller internal structure

As per Figure 7 the ‘ki’ variable is considered as resonant
gain tuned as per the response of the plant [18]. As per the
structure, the PR controller can be expressed as:

u=>Ve (kp +k; (ﬁ))

In the given expression (10), the variable Ve is the error
voltage generated by the comparison of Vdc* and Vdc, w is
the resonant frequency. The PR controller has the ability to
mitigate steady-state errors with high gain and narrow band
resonant frequency. The harmonic compensator can be
integrated when the controller is utilized for AC signal control.

(10)

3.2. AF-PI Controller

An AF-PI controller is an advanced hybrid controller as
compared to Pl and PR, as the gains (ky ki) are varied with
respect to the error (Ve) generated [19]. The k, ki gains of the
PI controller are selected as per the rules defined in the fuzzy
design. The structure of the AF-PI controller replacing the Pl
voltage regulator can be observed in Figure 8.
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Fig. 8 AF-PI internal structure

The fuzzy design is based on ‘mamdani’ type of fuzzy
with 3 variables named error (), change in error (ce) and
output (o) [20]. The output variable (0) can be either k, or k;
gain. The variables ‘e’ and ‘ce’ are the input variables. The
error variable is the ‘Ve’ generated by the DC link voltage
comparison. Each input variable comprises of 5 Membership
Functions (MFs) included in a triangular shape [21]. The
output variable has 3 MFs with the same triangular shape.
Figure 9 shows the MFs design of the input and output
variables.

Membership Functions Plots  Plot Points: 181
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Fig. 9 MFs of variables ‘e’ or ‘ce’ and ‘o’

The input variable MFs are named Big Negative (BN),
Medium Negative (MN), Zero (Z), Medium Positive (MP),
and Big Positive (BP). The output variable MFs are named as
Small (S), Medium (M), and Big (B). The same MFs design is
maintained for the gain ‘k;’ also [22]. However, the range of
the variables may vary which is set as per the response of the
plant. Each gain k, and k; fuzzy design has its individual 25
rule base presented in Tables 1 and 2.
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Table 1. ‘kp’ gain rule base

25 Fuzzy Rule Variable ‘e’
Base BP |[MP| Z | MN| BN
BP| B | S| s | B | B
MP| B | B | S| B | B
Va‘rci:’ble 7 B M M M 5
MN| B | B | S | M| B
BN| B | B | S | M|B
Table 2. ‘ki’ gain rule base
25 Fuzzy Rule Variable ‘e’
Base BP | MP| Z | MN | BN
Bp| B | M| S [ M| B
MP B M M M B
Variable - B B M B 5
‘e’
MN| B [ M [ M [ M| B
BN | B M S M B

The fuzzy designs of k,, and k; are updated as per the given
rules, and the voltage controller of the shunt control structure
is modelled. A comparative analysis is carried out with PI, PR
and AF-PI controllers updated in shunt control, and the results
are presented in the next section.

4. Results and Discussion

The complete design of the DCT integrated with 7-level
cascaded MLI along with series and shunt controllers are
modelled in Simulink of MATLAB software. The tools from
the ‘Powersystem’ toolbox are considered for electrical circuit
modeling. The controllers are modelled using ‘commonly
used block’ sets from the Simulink library.

Table 3. Simulation parameters

Name of
the Module

Grid

Parameters

3-ph 440Vrms 50Hz Infinite grid

Cascaded H-bridge 7-level module

Cyc = 3mF, V4. = 200V, Rigbt = 1mQ,

fc = bkHz

Series controller: Vpase ph = 240Vrms,

Fo = 200Hz, Varer= 1, Vgret = 0.

Shunt Controller: F, = 1000Hz, Kpyqc = 2,
Kidge = 0.005, Ky = 0.017, Kic = 0.00023,
K: =10, we = 10, w; = 500.

‘e’ range = -500 to 500,

‘ce’ range =-1to 1, ‘kp’ range =0 to 2,
ki’ =range =010 0.1.

Vdcref: 200V.

PV array: Vimp = 40.5V, Imp = 6.05A,
Vo =48.8V, Isc = 6.43A, Ny =5, Ns = 5,
Pov = 6.1kW.

Boot Converter: L, = 5mH, Ci, = 100pF,
Rigbt: ImQ.

Diode Bridge rectifier Non-linear load
with R = 50Q.

DCT

Controllers

PV Module

Load

The given Table 3 is the system configuration table,
which includes the Simulink parameters of the model. The
above parameters are considered for the model, and the
simulation is run with different power quality issues set in the
system.

Voltage sag swell conditions are created by the heavy
load connected, and the utilization of a diode bridge rectifier
generates the harmonics. Below are the graphs generated at
each module when the system is operated with different
operating conditions. The sags are created between 0.4-0.6sec
and swells are created between 1.4-1.6sec of complete
simulation time 2sec. The harmonics are injected into the
source throughout the simulation by the non-linear load.
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As per Figure 10, voltage sags, swells and current As the PV module is connected at the DC link, the PV
harmonics are created in both the source and load sides  array shares power to the grid through a boost converter
without DCT. The zoomed plotting of the source current graph operated by MPPT control. The PV array characteristics are
can be observed in Figure 11 with 3rd harmonic content. plotted in Figure 14.

In the next simulation results the source and load voltages

and currents are presented in Figure 12 with DCT connected.
As observed, the sag and swells are compensated on the load N
side with very low voltage fluctuation. >

The 3™ harmonic content in the source voltage is
completely eliminated, and pure Sin waveforms can be
observed in Figure 13. This is achieved by the DCT connected

0.4 0.6 0.8 1 12 14 16 18 2
Time (Seconds)

between the source bus and the load bus. The shunt cascaded - k
MLC compensates for the harmonics generated by the non-
linear load. L
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Fig. 13 Source currents with DCT Fig. 14 PV characteristics
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As per the PV characteristics, initially, the PV array From all the comparative graphs and THD analysis
injects 4kwW of power, and at the end of the simulation  figures, a parametric comparison Table 4 is given comparing
maximum power of 6kW is extracted from the PV array. The  the values for the PI, PR and AF-PI controllers.
voltage is built to 200V from the initial stage. However, the

boost converter maintains the DC link voltage at 200V in o0
Figure 15, as specified in the Vqcrer parameter of the shunt 40
controller. Figure 15 is a comparative graph with DC link 20
voltage plotted for PI, PR and AF-PI voltage controllers. It is S | L —
noted that the ripple in the DC link voltage is less for the AF- " _ _ » _ » .
P1 voltage controller as compared to the other two controllers
(Pl and PR). For the next analysis of the voltage and current 40 ' ' 1
graphs, the FFT analysis tool available in the ‘powergui’ block -60 1
is utilized for calculating the THD of the waveforms with PlI, 0 02 04 06 08 1 12 14 16 18 2
PR and AF-PI voltage controllers Time (Seconds)
g - Fig. 15 DC link voltage comparison
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Table 4. Comparison table with different controllers

Name of the Parameter Pl (%) PR (%) AF-PI (%)
Vdc Ripple 54.54% 28.57% 13.63%
Vsource THD 0.56% 0.27% 0.17%
Isource THD 6.5% 5.76% 2.99%
Vload THD 18.9% 13.15% 5.61%
lload THD 39.62% 32.06% 30.84%

5. Conclusion

The performance of the DCT is enhanced by replacing the
conventional 6-switch VSC modules with 7-level cascaded
MLC, creating voltage levels for harmonic reduction. The
design of the series and shunt controllers create stable voltages
on the source and load side, along with reduced harmonics in
all voltages and currents. The shunt controller configured with
a traditional PI controller is replaced with advanced and
hybrid PR and AF-PI controllers for better stability. These
controllers are updated at the voltage regulator of the shunt
controller, stabilizing the ljoss Signal.
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