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Abstract: Six-leg DSTATCOM can be employed for improving the superiority of power in a distribution system.
DSTATCOM is the most valuable current harmonic reduction device because of its excellent compliance in active
situations. The DSTATCOM has a shunt voltage source inverter (VSI) attached to the common coupling point of
power system via the interfacing inductor. In its control methodologies, the various SRF methods such as
Conventional SRF, DCC based SRF and ICC based SRF have been adopted due to its easy execution aspects.
These methodologies create balanced and sinusoidal supply current. Improving the power factor near unity on
common coupling point and mitigate harmonics in the supply current will be the key results of this work. A 3-
phase 4-wire power system with rectified RC/RL load has been taken for the detailed simulation study. The
performances of DSTATCOM topology have been compared under conventional SRF, DCC based SRF and ICC
based SRF control strategies in terms of power quality improvement.

Keywords: Distribution static compensator (DSTATCOM), Synchronous reference frame (SRF), Indirect current
controlled (ICC), Direct current controlled (DCC), Power quality (PQ).

1. Introduction

Due to the non-stop increases of power electronic based appliances in the commercial, agricultural, industrial and
domestic field, the superiority of power in a distribution network is degrading too much [1,2]. In this serious
circumstance, the power engineers and researchers have a major job to distribute high superiority power to the modern
humanity. Now several power quality problems i.e. unbalanced three- phase load voltage, less power factor, extreme
current in the neutral wire and peak reactive power which are elevated in a 3-phase 4-wire (3P4W) distribution
network[3-9]. The alleviation of the above power quality difficulties is accounted in the literature [2,4,7,9,10].
Moreover, various custom power devices (CPDs) are tackled in [7,10] to boost the superiority of power in a 3P4W
power system. DSTATCOM is one of the custom power devices which efficiently control power transfer in the power
system. The STATCOM employed in the distribution system is known as DSTATCOM. The basic of STATCOM is to
regulate flow of power and recover transient stability of power system. A vast investigation of different DSTATCOM
topologies has been discussed in [11-15]. The performance of a DSTATCOM in power quality alleviation is definitely
based on rapidness and perfectness of its control approaches. Various studies on control approaches have been depicted
in the text such as Synchronous Reference Frame (SRF) [16-19], Instantaneous Power Theory [20,21], wavelet
technique [22], Neural Network (NN) [23, 24] etc. The SRF control approach demonstrates major benefits with respect
to other control approaches such as effortless design, fast speed and fewer computations, which provides much efficient
for its practical implementation. This work elaborates on performance analysis of DSTATCOM topology under
conventional SRF, DCC based SRF and ICC based SRF control strategies in terms of power quality improvement.
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Organization of this paper is in the following manner. This paper has been started with the introduction in section
1, section 2 briefly presents the operational theory of DSTATCOM. Section 3 gives information about SRF control
signals such as conventional, DCC based and ICC based SRF control techniques. Section 4 indicates the detailed
analysis of MATLAB/simulation outcomes for the DSTATCOM system and last section 5 concludes this research
work.

2. Operational Theory of DSTATCOM

The key component of the DSTATCOM structure is the voltage source inverter (VSI) where totally managed
semiconductor appliances are employed. The fundamental theory of a DSTATCOM is the production of a regulated AC
voltage supply from a VSI attached with a DC capacitor. The AC voltage supply comes out at both ends of transformer
leakage reactance. The flow of real and imaginary power among the distribution system and the DSTATCOM is due to
the potential diversity across this reactance. All necessary voltages and currents are assessed and are supplied to the
controller. The controller generates output which is a set of switching signals for the inverter consequently. Practical
configurations of DSTATCOM and its control schemes are elaborated in [7].

The key aspects of the DSTATCOM are the following [25, 26]:

(1) Capability to act different tasks at the same time;

(if) Capability to track fast load alterations;

(iif) Under varying load situation, it is simple to apply in a distribution network.

Fig.1 represents a pictorial view of Distribution static compensator (DSTATCOM), shunted with the load and
three phase supply at PCC. The load is unbalanced R-L and diode with RC/RL type. This is the main causes of
harmonics [27,28] in a distribution network. The VSI is coupled to the distribution network via coupling transformer.
The PWM pattern is used to switch on and off the semiconductor switches of the VSI [29]. The controller block
represents conventional SRF/DCC based SRF/ ICC based SRF[30]. v
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Fig. 1 - Pictorial view of DSTATCOM

AC system bus

Selection of different DSTATCOM components are as follows:
2.1 DC bus voltage:
The voltage across capacitor of DC-side three phase VSI is Vq.[19] (1)

V, =242V, /(\3m)
The modulation depth m is assumed as 1 and Vi is the voltage between two phases. Hence calculated value of
Vi is 653.20V for 400Vof Vir and is assumed as 700V.

2.2 DC capacitor:
For energy conservation theory [19],
(J4)CLIVE V2] =3Vt @

Assuming, 2 % voltage ripple in the dc bus, the lower voltage point of dc bus, V4.1= 686V, and V4= 700 V,
V=230.94V, I=195.7A, t= 235 pu s, a= 1.2, the computed value of Cqcis 3940.93n F and hence Cgc is considered
as 4000pF.

2.3 Filtering inductor:
Assuming, switching frequency (f;) = 10 kHz, m=1, V4= 700V, a=1.2, the Lris computed as [19],

—mVdc
Lf /‘ af s cr(p—p) ®
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For, 2 % ripple in the inductor current, the current ripple icrp-p)= 0.02%195.7%240/200= 4.70A, the computed
value of L¢is 3.10 mH and hence L¢is considered as 3.0 mH.

3. Control Strategies

Control Strategies are employed to generate reference current by the reference current extraction method and this
method is categorized into time-domain and frequency-domain. The advantage of time-domain method has rapid
response compared to frequency-domain [31-33]. The time domain based synchronous reference frame theory is
employed for extorting the reference current from the non-linear load current. The main feature of SRF theory is the
straightforwardness of the computations, which contains merely arithmetical computation [34-36]. There are three
categories of SRF control techniques; (i) conventional-SRF (ii) DCC based SRF and (iii) ICC based SRF.

3.1 Conventional-SRF

o DC Voltage
Ve LPF "( ?) . controller
led i
I I_d ! = I"gg »(‘? *
Ld | Sd )7.- o
A T L R
PO, i

- K,
fih —* = i - ".-'f‘? i
'ig Z g ~ &g - i
e el e D £ w | Ty
+ ', a-b-¢ . :L I‘CL

uig
sin{wrt) __cOS(wi} Cyg T T

PLL (7 :lnl'wt}-fum[wl} lIa ILb iLL‘
- sin_cos

T - PCC Voltage
Vi -t M) . Contraller
-+
-
Yt

Fig. 2 - Conventional SRF

In Fig. 2, three phase reference compensator current is obtained from the three phase load current and PCC voltage.
Three phase PLL has been employed to generate unit vector component for the a-b-c to d-q transformation and d-q to a-
b-c transformation. The a-bsc to d-q transformatipn has begn achigved by the fellowing formulation:

_ o) 1
i cos ot cos(mt—z%] cos[mwf-%) I,
Ld 2 Al

1 3 - - ) - ’ w
| 'La sin of sm(cot - —%) sm(mt + “%] ;
3 b Le

B )
| = G(s)[?“‘}
| 'Lq 'La 5)

= Average load current in d-q frame

i,
G(s) = Transfer function of LPF

For the power factor regulation, K o 1s evaluated as

K, _Q,

Q. (6)
cosp =1, 0 P= 0

For power factor correction,
Q; =VlIsinp=0 hence K, =0

The reference supply currents ﬂgin d-q phase) are

o - - . . ..
gy = 1,4 + leg 1gq = quLq +ule, -
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The d-q to a-b-c conversion has been achieved by the follqwing computation:

» cos ot sin ot
1. "
e . L
1y |~ % Cos((ot —2V) sm(mt —2%) .
.*. - ) 2, 1 o (8)
1 L ‘
* cos(cot+ 2%) Sll’l((r)t-i-z%)

The reference three phase injecting currents are )
-k . % -k =% . E

leg =lra 7lsa Lop =l 7lsp oo =1, —1g,
’ ’ ©)
3.2 DCC based SRF
The Complete process about reference current extraction of DCC based SRF is shown in Fig. 3. The input parameters
for the DCC based SRF are three phase load current, three phase PCC voltage and DC bus current.

[ I S
. : 2T . 2
_ sin(@f)  sin( @t — —) sn(aor + T) .
Ira 3 b I,
_ 2 27 2 | .
i, =3 cos(at) cos(of ——) cos(af +—) | i,
. 3 _ 3 R . (10)
Iro | | | >
2 2 2 N
Where (I depicts the phase shift of the d-q component. The real i;,and i 14 COmponents are
i | | raae T idcae)
“1g | | 1atae *rqtao)
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Fig. 3- DCC based SRF
where 774 (40 and i1, indicate the dc and ac parts of the load current correspond to d- component and 7, odey@nd
I sy depicts de and ac parts of the load current correspond to q- component respectively.

For the reason of harmonics elimination, the ILg@e@nd 1., components are needed for reference current
production. These ac components are achieved by subtracting the dc component from the real load current in the d-q
frame. This formulation cap be mentioned as below:

Iri(ae) Lra = ragae)

LLq(ae) T1g ™ Trq(de) 12)
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Once the ac components i, and i La(ac) ar€ extorted, the Inverse Park-conversion is carried out to convert the ac

components reverse into real three-phase harmonic current i,,,. , which in-turn, employed to develop the needed

reference injection current.

; sin( ot S ;

llHa ( ) co ((Uf) l lla’ (ac)

» : 27 2r .

Iy |=| sl ——) cos(af ————) 1|7, .,

i 27 2 1 (13)

He . Lo

¢ si(of +—)  cos(af +—) 1
L J 3 _
The reference injection current is given as:

linjref = lHabc + ldc (14)

Where idc indicates the instantaneous DC current, which is obtained from the DC-side of VSI.

3.3 ICC based SRF

Although the conventional SRF and DCC based SRF control schemes have been observed as a simple and
efficient control scheme in power quality improvement, these control schemes still acquire weaknesses and needless
aspects which might affect the power quality improvement performance. Hence, further modifications are employed,
which results in the creation of the ICC based SRF control approach as shown in Fig. 4.

The two main enhancements of ICC based SRF control approach is underlined as below:

(1) The complexity of control approach is reduced with the elimination of cosine (q frame) and zero-sequence (0
frame) constituents.

(ii) In its place of a non-sinusoidal harmonic current, sinusoidal current is produced in the form of output.
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Fig. 4 - ICC based SRF

After eliminating the cosine constituent and zero-sequence constituent in the computation, the Park-transformation is
modified as:

2 2 2 ]
[z'm]:; sin( o) sin(a)r—Tﬂ) sin(a)H-Tﬁ) I (15)

ZLC
An LPF has been employed to acquire dc quantities from the i, i.e. ;4 - In this way, non-dc quantities are

eliminated. The inverse Park-transformation has been adopted to convert Z;; 4 back to 7}/, .
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- sin( ot
llLa ( )
. . 2 [ ] (16)
lILb = bln(w[ 7?) ":Lr[(dc)
I . 2
sin( @f +—)
L 3
The sinusoidal reference currentZ Sref 1s obtained as
lSref =1 1Labc + ldc (17)

4. Simulation outcomes with analysis

The three-phase voltage source inverter-based DSTATCOM have been implemented in MATLAB / Simulink
to carry out simulation studies. The DSTATCOM topology consists of two categories of diode loads. The first
diode load consists parallel connected resistor (of 80 Q) and capacitor (of 1200 pF). The second diode load consists
series connected resistor (of 60 Q) and inductor (of 50 mH).

Table 1 - Proposed parameters for DSTATCOM

Parameter Values
Three-phase Supply Vit (rms) =400 V, f=50 Hz
R~=1Q, L= 2mH
Three-phase Unbalanced R-L load R-La=22 Q,20mH

R-Lp=350Q,60mH
R-Lc= 70Q,120mH

Three phase diode (R-L/RC type) load R-Liode= 60Q,50mH
RCliode= 80€2,1200 pF
VSI switching device and no.of Leg IGBTs/diodes and 6-leg
Switching frequency 10 kHz
Inverter (VSI) parameters Cye=4000pF, Ly=20 mH, Rf=0.1 Q

The major aspects of these simulations are to study two different performances of DSTATCOM topology i.e.
Supply current harmonic mitigation and Improvement of power factor on supply side under the conventional-SRF,
DCC based SRF and ICC based SRF control techniques. The total harmonic distortion (THD) measurements of
supply current are compared for conventional-SRF, DCC based SRF and ICC based SRF control techniques for
Rectified RC/RL Load. The data applicable on the above simulation works are depicted in Table 1.

A. Performance of DSTATCOM under conventional SRF control with non-linear RC/RL Load
In this section performances of DSTATCOM in conventional SRF control with non-linear RC/RL Load are
illustrated. Firstly the performance characteristic of the DSTATCOM system is examined in non-linear RC Load

condition. Waveform of load current, compensating current, supply current, PCC voltage and PWM pulses are
depicted in Fig. 5 for the case of before and after switching.

166



current () load current (A}

compensating

supply
current (A)

PCC voltage (V)

PWM pulses

o - i L L [
0F 07 0% 0¥ 0¥ 0vs 0¥6 0¥ 073 073 08

Pradeep Kumar, Int. J. of Integrated Engineering Vol. 12 No. 8 (2020) p. 161-175

Time (Sec)
(2)

compensating

supply

current (A} load current (A}

current (A)
: =

PCC wvoltage (V)

PWM pulses

%]
=

o
=

—y

=
o

0

i i ! i I i i 1 i
07 071 0¥z 073 074 078 076 077 078 073 08

Time (Sec)
(b)

Fig. 5 - Waveforms of DSTATCOM parameters with non-linear RC Load
(a) Before switching (b) After switching

Before and after switching load current waveform is unchanged. Compensating current waveform is sinusoidal but
it indicates approximately zero value on before switching. Source current waveform is becoming balanced and
sinusoidal on after switching. Waveform of terminal voltage remains unaltered and is balanced and sinusoidal.
PWM waveform appears in the form of pulses. Fig. 6 shows THD reduction of supply current from 12.02% before
switching to 3.41% after switching.
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Fig. 6 - Supply current THD for non-linear RC Load
(a) Before switching (b) After switching

Now the performance of DSTATCOM system is investigated under non-linear RL Load condition. Fig.7 represents
various waveforms of current, voltage and PWM pulses of DSTATCOM system.
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Fig. 7 - Waveforms of DSTATCOM parameters with non-linear RL Load
(a) Before switching (b) After switching

The load current waveform before and after switching is similar but unbalanced and non-sinusoidal. Before
switching, compensating current is approximately zero and increased after switching. After switching, non-
sinusoidal source current waveform becomes sinusoidal. For both the cases i.e. before and after switching,
waveform of terminal voltage remains balanced and sinusoidal in nature. PWM waveform appears in the form of
pulse train. Fig. § indicates harmonic distortion of source current which is decreased from 13.18% before switching
to 3.32% after switching.
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Fig. 8 - Supply current THD for non-linear RL Load
(a) Before switching (b) After switching
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B. Performance of DSTATCOM under DCC based SRF control with non-linear RC/RL Load

Fig. 9 represents various waveforms of DSTATCOM system under non-linear RC load condition. The testing
parameters are load current, compensating current, supply current, PCC voltage and PWM pulses. In case of before
switching, there is a similarity in load current and source current waveforms which are unbalanced and non-sinusoidal
in nature. No compensation occurs i.e. compensating current has zero value. Terminal voltage is sinusoidal. After
switching, load current waveform is unbalanced and distorted. The sinusoidal waveshape occurs at compensating
current, supply current and PCC voltage parameters. It has been found that supply current and PCC voltage are in one
phase which represents power factor improvement on the source side. The THD representation of supply current is
indicated at Fig.10 where THD value is reduced from 12.02% to 3.18%.
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Now the DSTATCOM performance has been tested under non-linear RL load condition as in Fig. 11. Fig. 11
indicates various current, voltage and PWM waveforms in before switching and after switching. For before switching,
load current and source current waveform is similar, unbalanced and non- sinusoidal nature. The magnitude of
compensating current is approximately zero value. Terminal voltage is pure sinusoidal. After switching, load current
waveform is sinusoidal but unbalanced. Compensating current is pure sinusoidal. The source current and terminal
voltage waveform are also pure sinusoidal and both are in one phase which represents unity power factor.
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Fig. 11 - Waveforms of DSTATCOM parameters with non-linear RL Load
(a) Before switching (b) After switching

Fig. 12 indicates THD of source current on before and after switching which reduces from 13.18% to 3.01%.
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Fig. 12 - Supply current THD for non-linear RL Load
(a) Before switching (b) After switching
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C. Performance of DSTATCOM under ICC based SRF control with non-linear RC/RL Load

Mag (% of Fundamental)

In this section, the voltage and current characteristic of the DSTATCOM systems in terms of harmonic
compensation in Supply current and power factor improvement is illustrated. Firstly the performance characteristic of
the DSTATCOM system is tested under non-linear RC Load condition. Fig. 13 depicts voltage, current and PWM
waveform for DSTATCOM in before switching and after switching condition.
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Before switching, there is similarity in waveform of load current and supply current which is non-sinusoidal and
distorted. As always, compensating current is zero. Pure sinusoidal voltage waveform occurs at PCC point. After
switching, distorted current waveform occurs at load side due to nonlinear load. The compensating current is full
sinusoidal wave. However, the magnitude of source current and PCC voltage are different but in-phase which
represents power factor improvement on the supply side. The THD of source current is represented in Fig. 14 where
THD reduction is achieved from 12.02% (Before switching) to 0.76% (After switching).
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Fig. 14 - Supply current THD for non-linear RC Load
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Fig. 15 - Waveforms of DSTATCOM parameters with non-linear RL Load
(a) Before switching (b) After switching

Now the performance characteristic of the DSTATCOM is examined under non-linear RL Load as in Fig. 15.
Before switching, Due to unbalanced and diode load, the waveform of load current and supply current are different
magnitude at each phase and distorted wave. As usual, no compensation occurs before switching i.e. compensating
current is zero. PCC voltage waveform at the coupling point is sinusoidal. After switching, the waveform of load
current is non-sinusoidal and unbalanced but supply current waveform becomes pure sinusoidal and in-phase with the
terminal voltage which is also sinusoidal nature. PWM pulses appear before and after switching.

The THD spectrum of supply current is represented in Fig. 16 which is decreased from 13.18% (before
switching) to 0.74% (after switching).
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Fig. 16 - Supply current THD for non-linear RL Load
(a) Before switching (b) After switching
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Table 2 summarizes THD of supply current of Conventional SRF, DCC based SRF and ICC based SRF
DSTATCOM system having Rectified RC/RL Load for the case of before switching and after switching. Fig. 17
indicates its Chartable representation.

Table 2 - %THD of supply current for DSTATCOM in various SRF

SRF Control Rectified RC Load Rectified RL Load
Strategies

Before After Before After
Switching (%) Switching (%) Switching (%) Switching (%)

Conventional SRF 12.02 341 13.18 3.32
DCC based SRF 12.02 3.18 13.18 3.01
ICC based SRF 12.02 0.76 13.18 0.74
14
12 +
10 +
8 |
6 _
,q 4
7 - l ® Conventional SRF
0 - B DCC based SRF
" 33, _ % % i ICC based SRF
E 2 £0Q S D £0
= 2 zE =¢ &
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" w ) w1
O [ o o
Rectified RC Load Rectified RL Load

Fig. 17- Chartable form of supply current THD

5. Conclusion

A comprehensive analysis of 3P4W DSTATCOM system is conducted to evaluate the power quality
performance in the sense of current harmonic mitigation and power factor improvement. Various SRF algorithms such
as Conventional SRF, DCC based SRF and ICC based SRF have been employed in 3P4W DSTATCOM system to
achieve power quality improvement task. Additionally, a relative performance assessment of the above SRF algorithms
is also accomplished to validate the improvements attained by the proposed ICC based SRF technique. The
MATLAB/Simulation based implementation of 3P4W DSTATCOM system demonstrates that the proposed ICC based
SRF is the only technique which can be utilized effectively to mitigate the supply current harmonics for all types of
nonlinear load and also capable to maintain unity power factor on the source side. The deducted THD value for all SRF
algorithms mention in table 2 successfully fulfills the criteria of IEEE-519 harmonic standard.
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