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Abstract Authors

This paper presents an overview of different Divya B V
control theories and control techniques associated School of EEE
with DSTATCOM,; simulation results are presented. REVA University
Results show the improvement in the power quality, divya.bv@reva.edu.in
at different stages with the connection of
DSTATCOM. Dr. Archana N V
Department of EEE
To carry out the simulation, a small NIE, Mysore
microgrid consisting of DG system, PV panel with archananv@nie.ac.in
constant and variable loads are considered.
Considered microgrid is connected to the utility grid
through PCC (point of common coupling),
simulation is carried out when microgrid is
connected to utility grid which acts as grid
connected mode and as well as when microgrid is
disconnected from utility grid, which acts as
islanded mode. In both the modes of operation,
power quality is observed at the load side.

Power quality in any AC grid is defined by
three variables, load voltage magnitude, frequency at
load and THD of load current.

It was observed through the simulation,
Power quality at load side gets effected when
working in islanded mode due to the variation in
load, this leads to transients. These transients can be
easily  mitigated using properly  designed
DSTATCOM. The control signals required for
DSTATCOM can be generated using different
control techniques. Compression of different control
techniques such as Instantaneous reactive power
theory (IRP) with conventional PI controller,
Synchronous reference frame (SRF), Hysteresis
current controller and Model predictive controller
(MPC) is presented. Simulation is carried out using
MATLAB in Simulink environment.

Keywords: DSTATCOM; DG (Diesel Generator);
IRP; MPC; Microgrid; PV System; SRF; THD.
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I. INTRODUCTION

With the increase in power demand and to reduce the consumption of fossil fuels for
energy generation, we are moving towards renewable energy. To integrate renewables to the
grid has lot of challenges associated with it. Where DG (Distributed generation) is a solution,
distributed generation can be accomplished through Microgrids. These Microgrids can fulfil
the needs of local remote areas and as well as can be connected to the utility grid, where
excess power can be supplied to the grid. Whenever there is changeover from grid connected
mode to islanded mode or vice versa and change in load, the microgrid goes through a
transient, which can affect the power quality at the load side. If it is operating in grid
connected mode, this can also lead to cascading effect.

Power quality issues and its mitigation has been of much attention these days, as it
can affect the power consumers. These challenges can be addressed by properly
compensating active and reactive power at the distribution side. As we concentrate on
distributed side compensation, DSTATCOM can be the better option. DSTATCOM can
provide reactive power compensation, can control voltage, and used to damp the oscillations
[1] at low voltage side. It can enhance the power quality at distribution side. DTATCOM is a
FACTS device, connected in parallel with the system and used solve all power quality
problems at the distribution side. It generates or absorbs reactive power at PCC, to make sure
that power quality is maintained, also it has a better dynamic response [2].

DSATCOM installed in any power system consists of 3 main parts: Voltage source
converter (VSC); Coupling reactors; Controller.

DSTATCOM works on the principle where generation of AC power is controlled by
Voltage source inverter (VSI), connected to energy storage device (Capacitor). Due to the
voltage difference between the power system and DSTATCOM reactance, power transfer is
caused. Switching signals to the VSI is provided through the feedback controller after
measuring required voltage and current. Control of AC voltage is achieved through the firing
angle control of semiconductor devices used in VSI. Hence controller plays a very important
role. Figl represents the block diagram of a VS| based DSTATCOM.
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Figure 1: Block diagram representation of VVSI based DSTATCOM.
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Control algorithm used in the generation of control signals decides the performance of
the DSTATCOM [3-16]. Hence in this paper an effort has been made to analyse different
controllers used for DSTATCOM in a microgrid through simulation and results are presented
at different operating conditions.

Il. TOPOLOGIES

DSTATCOM can be operated with different topologies [17]. These topologies are
used for multiple applications, for which DSTATCOM is designed.

Different topologies are: Three phase four wire system and three phase three wire
system. To improve the power quality at distribution side three phase three wire
topology,show better performance, as it consists of lesser switching devices. Figure 2. Below
shows the structure of three phase three wire topology of DSTATCOM.
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Figure 2: Structure of 3 phase 3 wire DSTATCOM
I11.DESIGN OF DSATCOM

Figure 3 below shows the considered microgrid for simulation, consisting of constant
load, variable load. For generation DG and PV array.

Utility Grid

A0
Cc

7 [4 v
HENO ™~

T ]

4
W=
\ et

Energy Storage  Solar Array Load Diesel GenSet Variable Load

Figure 3: Microgrid
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Here the utility grid with swing bus is operating at 13.8kV, transformer is
13.8kV/5kV. Voltage at PCC is considered as 5kV.

Constant load is 500kW and variable load consisting of both active and reactive load
which can be varied.

Generating units DG can generate up to LMW at 50 Hz, 5kV.

PV array is designed for 500kW at 5kV, connected through an inverter, to generate 3
phase power at 50 Hz. It is connected to grid using MPPT algorithm to the inverter control.
DSTATCOM works on the principle of reactive power flow, depending on the voltage
gradient. Considering two voltages V1 and V2 connected through the impedance Z, given by:

Z = Ra+jX (1)

In the Fig 4 shown below Q represents reactive power flow, angle 6 represents the
angle between V1 and V2. If 6=0, the reactive power flow is given by:

Q=(3)v1-vz 0

Active power flow will become zero:

V1V2sind
- 3)

p=

Ra + jX

OJ“—{)

Assuming Ra =0,
The Reactive Power Flow Q is given as

Q= (V2/X)[V1Cosb - V2]

Figure 4: Working Principle of DSTATCOM
Following are the DSTATCOM components:

Voltage source converter (VSC).
DC source Capacitor.

Inductive reactance.

Harmonic filter.

To improve the power quality, load current expected at the load should be sinusoidal
in nature.
Line current is described by the equation:
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is =i + i) (4)

Where is - Represents the instantaneous value of line current.
It — Represents instantaneous value of compensating current.
i — Represents instantaneous value of load current.

Here VSC controlling is done by Pulse width modulation (PWM) technique. For
designing the controller, design of DSTATCOM is important.
From the Fig 5 Shown, Instantaneous power at the load is represented by:

P(t) = Pr(t) + B.(£) + P (¢) (%)

Where f- Represents fundamental component
r- Represents reactive power component.
h- Represents harmonic component.

Ps = Ps ->Real power is supplied by the source
Qs=0->Reactive power supplied by the source
Pi1= P + Py, ->Real power drawn by the load

Qi = Qr + Qp->Reactive power drawn by the load

Non-Linear Load

PL=Pf+Ph
* QL=Qf+Qh
B
Pc=Ph + Pross
Qc=Qf+Qh

Figure 5: Compensation Technigue Representation
Real power supplied by the compensator P, = Py, — Pjoss
Reactive power supplied by the compensator Q. = Qs + Qn
Pioss — Loss component of the capacitor.
From the Figure 5.
I(¢) = 1,() + L. (t) (6)

We know that:

V.(t) =V, sin(wt) (7
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Load current will have a fundamental component as well as harmonic components,
represented by:

I,(t) = Xp=1 I sin(nwt + @,) (8)

IL (t) = 11 Sin(a)t + (pl) + Z§=2 In Sin(n(l)t + (pn)
(9)

Instantaneous power at load can be expressed as:

P (t) = Vi(D1,(¢) (10)

P, (t) =V, sin(wt)l; sin(wt + ¢1) + V,, sin(wt) X5 =, I,, sin(nwt + ¢,,) (11)

P (t) = .

Vi Iisin?wt cosgq + V,, I sinwt coswt sing, + V,,sinwt Yor_, L, sinitnwt + ¢,,)
(12)

We know that:

P(t) = Pr(t) + B.(t) + P, (8) (13)
Where:
P(t) = Pr(t) + P.(0)
(14)

At ideal conditions only the real fundamental component should be supplied by the
source and rest all should be supplied by compensators. Hence

F.(6) = KO + P, (2) (15)
Where P,(t) can be written as:

F(t) = V(O)I5(t)
(16)

P, .
I,(t) = ng = I, sin(wt) a7

Hence the total maximum current supplied by the source:
Imax = Ism + Isl (18)
Instantaneous current delivered from the source is represented as:

I5() = Ingx sin(wt) (19)
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Desired source current is expected to be sinusoidal in nature irrespective of the load,
hence the source current after compensation is given by:

IS, (t) = Inax Sil’l(a)t) (20)
. . 2

oy = Imax SIN (a)t - ?ﬂ) (21)
IZ, = I, sin (wt - %ﬂ) (22)

These are the desired source currents; hence the above currents are taken as reference
currents for the 3 phases.

For the design of DSTATCOM:
1) DC Voltage:

242V
Vae ="
(23)

Where Vis 5kV and m is chosen as 1.
Substituting this in equation (23), V. is calculated as 9000V or 9kV.

i) Design of DC bus capacitor:

1
(E) Cdc (dec - decl) = K13a1t
(24)

Where:

Vc1 -> Minimum DC bus voltage 5kV

a-> Overloading factor chosen to be 1.2

| -> Phase current is 100Amps

t -> Time by which the DC bus voltage recovers, 30msec
K1 -> 0.1(considering 10% energy variation)

Using the above equation (24)Cy. is calculated as 500pF.

iii) Selection of AC inductor:
AC inductance

_ \/§de¢
" 12afiler pp (25)
From the above equation:
m -> Modulation index =1
ler,pp -> Current ripple 15%
Fs -> Switching frequency = 1.8kHz

Copyright © 2024 Authors Page | 23



Futuristic Trends in Renewable & Sustainable Energy
e-1SBN: 978-93-6252-320-4

I1P Series, Volume 3, Book 3, Part 2, Chapter 1
DSTATCOM CONTROL TECHNIQUES: AN OVERVIEW

Ve = 9000V
a=12

Using the above equation (25) Lis calculated as 720mH.

1v) For ripple filter:
C=5pF
R=5Q

IV.CONTROL TECHNIQUES

As the performance of the DSTATCOM depends on control techniques used to
generate control signals to the switches. Some of the control techniques that will be
considered in this paper for the analysis are IRP, SRF, Hysteresis current controller and
MPC.

1. Instantaneous Reactive Power Theory (IRPT) with Conventional Pl Controller: IRP
theory can be applied for both three phase three wire system and three phase four wire
system. This theory was proposed by Akagi [18] is also known as p-q theory. In this
technique three phase instantaneous load current and voltage are transformed to 2 phase
in a-B frame, by Clark’s transformation. In this frame instantaneous value of active and
reactive powers are calculated.

Using reverse clark’s transformation the reference currents in a-f frame is transformed
into abc frame. Figure 6: Shows the block diagram of IRP technique.

Clark’s transformation

v
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Figure 6: Block Diagram of IRP technique
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. i
la] \F[l -1/2 -1/2 ia
is] ~ 3 27
[lﬁ slo V32 —v3/2l|} @7
C
Instantaneous values of active and reactive powers are given by:
p Va
=[5 L) @
The reference currents in a-f is given by:
i;a 1 Va _v[)’ 1%
=2l ][0 )

Where A= v2 + vg. To calculate the reference currents in abc frame, using reverse clark’s
transformation:

L R 0
S - ko
5 -l T2 o |l (30)
lsc _ i:ﬁ

_1/\/5 -1/, \/§/2_

The 3phase reference current is generated using the above equation (30), using
conventional Pl controller to generate the error signals. Switching signals to the VSI are
generated using PWM technique.

Fig 7 shows the simulation carried out using IRT:

Disrets PD Conte

-9 e fEeg ¥ e

Figure 7 Simulation Model of IRT using conventional PI controller
2. Synchronous Reference Frame (SRF) with Conventional P1 Controller: Synchronous

reference frame is called as dg-control, grid voltage and current are converted into
rotating frame, which rotates synchronously with grid voltage vector using park
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transformation. It is the popularly used Phase locked loop (PLL) method, which will
supply the average values of frequency, voltage magnitude and phase angle. PLL is used
to generate sine and cosine templets of voltage signal. Fig 8 shows the block diagram
representation of SRF controller.

Vde,ref
PI
vde controller

iLa ’ abe dq >
iLh————P» “be —>
iLe—p~ 94 LPF >
A A
sin® O
wt oL cos sin©®
circuit cos©

Figure 8: Block diagram representation of SRF controller

SRF theory is based on transforming 3 phase current into dq frame, which is
synchronously rotating, if 0 is the transformation angle, current transformation from of
to dg frame is given by:

la] _[cos® sinf1[ia
[iq]_[—sine 6059] [iﬁ] (31)

DC component extracted are changed back to off frame using:
lgac] _ [ cos®  sinB][ldde
[iﬂdc] B [—sinH cosH] [iqdc] (32)

The gate pulses to the switches of VSC is generated using PWM technique,
which is used to mitigate reactive power and harmonic current. Fig 9 shows the SRF
controller implemented in Matlab/Simulink.

D _ < = B x‘ 2 Hr"/'al:_ B
e 2 Pop D”L |
B i@
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SEZa

“BRptar=-a
- =

Figure 9: SRF Controller Implementation in Matlab/Simulink
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3. IRP using Hysteresis Current Controller: Hysteresis current control method is used
with three phase VSC PWM inverter with current control, it allows Phase locked loop
(PLL) control for modulating the frequency of inverter switches, thus allowing minimum
interface between the switches. Fig 10 shows the block diagram representation of the

Hysteresis current controller.
Ia + r \ S1
- i
fr LHB <
Hysteresis comparator

UHB

—1Cf
=
o

I

n
b N S3
i — 4 ) _|
p LHB
I S2
Hysteresis comparator

UHB

.z
S5
] > ) inverter
N LHB 6
‘ Hysteresis comparator

Figure 10: Block diagram of Hysteresis current controller

Load
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|
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~

In hysteresis controller, the control circuit limits the signals on either side, so that
the desired output is obtained. The reference sine wave with desired magnitude and
frequency is generated by the control circuit and this is compared with the actual signal.
Based on this the inverter switches are operated, so that the signals generated are within
the limits. Fig 11 shows the basic principle of a hysteresis controller. Here the reference
current and the fault current are given to the summer, the combination of these currents is
given to the relay circuit, to limit the fault current, accordingly the gating pulses are
generated to the switches, which operates the three-phase inverter.

Upper band

Figure 11: Basic Principle of Hysteresis Controller

Figure 12 shows the MATLAB/Simulink implementation of Hysteresis current controller.
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Figure 12: Implementation of Hysteresis controller in Matlab/Simulink

IPR Using Model Predictive controller: It is a type of feedback control, based on the
predictive model of any process Model Predictive control algorithm is designed. Here
model of the plant is used to predict the future output of the considered plant.

This is a optimisation algorithm for which cost function needs to be designed, as desired
output needed is sinusoidal output voltages, without any disturbance. To achieve this the
error between the output voltage predicted and the reference voltage should be
minimized. Equation below represents the cost function represented by gy in equation
(33), which is expressed in orthogonal coordinate format, and this defines the desired
behaviour of the system.

In = (vc*a ~ Vea (k + N))Z + (v;ﬁ — VUep (k + N))Z (33)

V*.. & V* g represents real and imaginary parts of voltage output reference vector of V..
Where V¢, & Vs represents real and imaginary parts of predicted output voltage
V(K+N).

Using this PWM signals are generated for the inverter connected to DTATCOM Figure
13: shows the implementation of MPC in Matlab/Simulink.

Figure 13: Implementation of MPC in Matlab/simulink
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V. RESULTS AND DISCUSSION

Wave forms show the results obtained from different types of control techniques.
Simulation is carried out in Matlab/Simulink for the considered microgrid for 1sec and the
results are presented .Results are obtained for both grid connected mode as well as islanded
mode. Fig 12 shows the output of the microgrid, without DSTATCOM.

Here simulation is carried out for 1se, where at 0.5sec the microgrid gets disconnected
from the utility grid and at 0.6, 0.7 sec there is change in the load. During the load change the
transients can be observed in the load voltage. Power factor is also calculated at the load
voltage, which shows a very high dip in the pf during load changeover. Fig 14 shows the
power factor at the load side. These transients can be eliminated by connecting DSTATCOM
parallel to the microgrid.

K

<o s>wmcowo- M

p Timein Sec

Figure 14: Output of Microgrid without DTSTCOM

Figure 15: Load power factor without DSTATCOM
Results are presented with DSTATCOM connected to the microgrid in parallel. Fig

16 shows the Simulink block diagram of the considered microgrid, with DSTATCOM
connected in parallel, with different types of controllers.
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i

Figure 16: Block diagram of DSTATCOM connected in parallel.

1. IRP Theory with Conventional Pl Controller: Fig 17 shows the output of the IRP
theory with conventional PI controller, where it is observed from that during load change,
there are voltage transients, but frequency is observed to be almost constant. Fig 18
shows THD analysis carried out for output current at different intervals for grid

changeover and load change.

moMm o ~+ — o0 <

0 o 0z 03 [ as 06 wr 1] 03

< 0O >3 mcQQ ® < m

> Time in Sec

065 066
wwwww ©

Fundamental (50Hz) = 73.62 , THD= 5.59%

Mag (% of Fundament

Mag (% of Fundamental)

400 50 600
Frequency (Hz)

Figurel8: THD Window of IRP Theory with PI Controller.
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From the above results it is observed that the THD is 13.86% and 5.6 % not within
the acceptable limits and even the voltage magnitude is observed to have transients during
load change.

2. SRF with Conventional Pl Controller: Fig 19 shows the output of SRF with
conventional Pl controller, here the voltage transients can be observed during load change
over and observed the dip in frequency. Fig 20 show the THD window carried out for
load current, at different intervals of grid change and load change over. Here the THD is
observed to be 11.33%, even though there is improvement in THD compared to IRPT
method, this not acceptable for industrial loads. In this controller, its observed there is dip
in load frequency also.

I A A“ “ e A oA A P
VAV AR ALY AN LA AR ANV A AV AR VAV AT AT AV AV AYAYAAVAVAYAVEY

<o s mcoawo- M

> . .
> Time in Sec

Figure 19: Output Voltage and Frequency of SRF with conventional PI controller.
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Figure 20: THD of SRF with conventional PI controller.
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3. Hysteresis Current Controller: Fig 21 shows the simulation output of voltage and
frequency of the microgrid using Hysteresis controller for the DSTATCOM.
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Figure 21: Output Voltage and Frequency of Hysteresis controller

In the above figure its observed that, even though frequency variation is small,
voltage transients can be observed during the load change.

The THD window shows the improvement in the load current quality, but still
voltage transients can be observed during load change 8.18% and 2.6%.
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Figure 22: THD of Hysteresis controller

4. MPC Controller: Figure 23: Below shows the output Voltage and frequency of load
voltage using MPC controller.
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Figure 23: Output Voltage and Frequency of MPC controller

It’s observed from the above figure, the voltage and frequency are in the limits.
There are no voltage transients during the load change. THD analysis is carried out for the

load current.
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Figure 24: Output Voltage and Frequency of MPC controller
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It’s observed the THD is 8.2% and 2.52% during grid change and load change
respectively. This shows the load current THD are improved and is within the industry

acceptable limits.
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Figure 25: Output Voltage before compensation

Figure 25 shows the load voltage before compensation and fig 26 shows the load
voltage after compensation in pu.

0 AYVYYY MYV A _ ,m /\ /
WAMAM \\/ \/ \// \/ \/ \\J/ \\/ \// \ \/ \\/ \V

> . .
= Time in Sec

Figure 26: Output Voltage after compensation

Table 1 shows the comparison of different algorithms with their advantage and
disadvantages, in reference to the simulation results obtained.

Table 1: Comparison of Different Control Algorithms.

,\?(I). A|Cgoonrti;(r)1lm Advantages Disadvantages
1. IRPT Requires complex *Frequency can be
transformation controlled.
here is no improvement in
voltage Magnitude
2. SRF It is used for reducing * Dip in frequency
harmonics
3. Hysteresis Improvement in Harmonics *Transient in load Voltage
Controller and frequency. during load change over
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4. MPC Implementation is easy, its *For Using weighting
observed it provides very factor, additional two
good dynamic and steady state | constraints has to be added.
stability.

VI. CONCLUSION

DSTATCOM control techniques are reviewed for power quality enhancement, with
the simulation results. The techniques reviewed are IRP, SRF, Hysteresis control and MPC,
which is used to improve the power quality at the load, for a microgrid. Considering load
Power factor, load Voltage magnitude, Load frequency and THD of the load current. From
the Table 3, it can be observed that IRPT even though it requires complex calculations,
frequency can be controlled, but voltage magnitude and THD during dynamics do not show
much improvement. SRF controller, which shows improvement in harmonics, there is dip in
frequency. Hysteresis controller shows improvement in harmonics and frequency, load
voltage has transients during dynamics. The MPC controller show the better performance by
improving the power quality in terms of voltage magnitude, frequency and as well as THD of
load current. Also, it is observed with the inclusion of the DSTATCOM, there is
improvement in load Power factor during Dynamics. Hence from the results, it can be
concluded that compared to conventional PI controller, the heuristic controllers such as
Hysteresis and MPC provides better performance during dynamics.
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