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Abstract: This paper presents a comparative performance evaluation of voltage source inverter (VSI) as well as current
source inverter (CSI) based DSTATCOM systems in terms of power quality improvement in a three-phase four-wire
distribution network. Due to increasing use of high-performance semiconductor based power electronic switches, the CSI
based DSTATCOM is developed as a suitable option in high power applications. However, the VSI based DSTATCOM
system is the best suited for medium power applications. The VSI based DSTATCOM offers advantages over the CSI
based DSTATCOM in terms of current harmonic compensation, power factor correction, lower losses (both conduction
and power losses), and simplicity in both power and control circuits. The control strategies of both the DSTATCOM
systems are based on conventional PI and synchronous reference frame (SRF) theory. The performance of the VSI and
CSI based DSTATCOM systems is tested under unbalanced and nonlinear load conditions. Analytical expectations of
complete DSTATCOM systems are verified using simulations in the MATLAB/Simulink environment.

Key words: Distribution static compensator (DSTATCOM), conventional PI (CPI) controller, synchronous reference
frame (SRF) controller, power quality (PQ), total harmonic distortion (THD)

1. Introduction
Recently, three-phase four-wire distribution systems are facing problems from load reactive power burden and
poor power quality such as current and voltage harmonics, low power factor, load unbalanced, and excessive
neutral current, which are mentioned in the literature [1-7]. The adverse effects of poor power quality may
result in insulation failure, overheating of transformers, nuisance tripping of circuit breakers, malfunctioning
of UPS systems and generator systems, computer malfunctions, overvoltage problems, and premature failure
of electronic equipment. At present, there are many schemes that have been developed to solve the problems
related to power quality issues in three-phase four-wire systems [1,2,5-7]. In the analysis presented in [8], a
capacitor supported DSTATCOM in a three-phase four-wire distribution system under nonideal supply voltage
conditions has been implemented for harmonic current compensation. The reduced total harmonic distortion
(THD) level of supply current is not too low in [8].

To overcome the above problem, a three-leg voltage and current source inverter (CSI) based DSTATCOM
under sinusoidal voltage has been demonstrated to achieve much harmonic reduction in supply current. However,
the voltage source inverter (VSI) based DSTATCOM gives a greater harmonic reduction as compared to the CSI

based DSTATCOM. Various control techniques have been reported to derive the reference control signals for
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the DSTATCOM. To control the DSTATCOM for a three-phase four-wire distribution system, instantaneous
reactive power theory (IRPT), power balance theory (PBT), synchronous reference frame theory (SRFT) [9-13],
Lyapunov-function-based control [14], nonlinear control [15], and feed forward training [16] have been proposed.
However, SRFT is one of the best options due to reduced computation time and easy availability of input
parameters such as load current, dc voltage, and PCC voltage.

Hence, in this paper, a control approach based on SRFT is proposed under sinusoidal supply condition.
Moreover, the conventional PI control [17] approach has also been selected to investigate superior features of the
proposed synchronous reference frame approach in terms of power quality improvement. The organization of
the present paper is as follows. In section 2, the configuration of the three-phase DSTATCOM system based on
both VSI and CSI based topologies is presented. Control strategies for both DSTATCOM systems are described
in section 3. Section 4 represents the design of various parameters of the DSTATCOM. Simulation results with
a discussion of the CSI and VSI based DSTATCOM systems are represented in section 5. Finally, section 6
concludes the paper.

2. Configuration of the DSTATCOM system

The DSTATCOM is installed in parallel to sensitive loads. Figure 1 shows how the DSTATCOM connects to
the power system and depicts its structure. The DSTATCOM system consists of an inverter (Figures 2a and
2b), an energy storage device (i.e. dc inductor or dc capacitor), and a shunt connected transformer used to
couple the inverter with the distribution line and control circuit. The function of the inverter is to convert the
dc voltage developed in the energy storage device into three-phase AC voltage.
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Figure 1. DSTATCOM with power system.

The flow of active and reactive power between the power system and DSTATCOM depends on controlling
the phase angle difference between power system voltage and DSTATCOM voltage. If DSTATCOM voltage V p
is in phase with power system voltage V p and V p is greater than V p, DSTATCOM delivers reactive power to
the power system and if V p is smaller than V p, DSTATCOM absorbs reactive power from the power system.
Actually Vp and V p have some phase difference to reduce losses in transformer winding; hence, DSTATCOM
absorbs some active power from the power system.
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Figure 2. Inverters (a) Current source and (b) Voltage source.

3. Control strategies

3.1. Conventional PI controller

On comparing the reference voltage (set voltage) with the terminal voltage, an error signal is obtained. This
signal is passed to a PI controller. The PI controller generates an angle 6. Angle § should be such that the
error signal for the PI controller tends to zero, i.e. the load rms voltage is brought near the reference voltage.

Figure 3 represents a conventional PI controller that generates angle §.

Vet PI |—5

Vr

Figure 3. Conventional PI controller.

From the angle §, three-phase sinusoidal signal V contr01 i Obtained as below:

Va = Sin(wt + 9)
Vg = Sin(wt + 0 — 27/3) (1)
Ve = Sin(wt + § + 2m/3)

Three-phase voltage signals V4, Vg, and V¢ are shifted by 0°, 120°, and 240°, respectively. Figure 4

represents phase modulation of control angle 9.
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Figure 4. Phase modulation of the control angle §.

Sinusoidal signal V copntr0r is fed to the PWM signal generator in order to generate switching pulses for
IGBT switches of the inverter valves. Figure 5 shows the Simulink model of the DSTATCOM controller. The
speed of performance and robustness of this control scheme are clearly shown in the simulation results.
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Figure 5. Simulink model of DSTATCOM controller.

3.2. Synchronous reference frame controller

Figure 6 shows a pictorial view of a synchronous reference frame controller. The three-phase load currents in
the a—b—c frame are converted into the a—f frame and after that from the a—3 frame into the d—q frame. From

the above two transformations, it is possible to derive a third transformation, i.e. a~b—c to d—q transformation,

as follows:
1
iLa 5 e ‘La iLd coswt —sinwt iLa
= i —
iLg /3 0 *\/g/ \/§/ .Lb iLq sinwt coswt irg
2 2 iLe

; 2 2 iLa
(] 9 coswt cos (wt — 7T/3) cos (wt + 7r/3> .

i = LLb
tLq sinwt sin (wt - 277/3) sin (wt + 277/3) i
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Figure 6. Diagrammatically view of synchronous reference frame.

K, = Q3 /@
When power factor is to be controlled, K, is determined as below
QL - ‘V” qu

For unity power factor, cosp =1,50 0 =0 Qc=VIsinp=0 K;=0

The reference values of source currents in the d—q frame are as follows:

tgq = tLd t+tcd

gy = Kqlrg + uicg
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The reference for the source current in the d—q frame are first converted to the oo — 8 frame and then to the

a—b—c frame using the following formulation:

* 1 0 3

coswt sin wt Tag .ia . _ lsa -

—sinwt  coswt Isq .
te V3

1
. .
¥ ¥
= Q

| S

I

cos wt sin wt

= 2/3¢ cos (wt — 277/3) sin (wt _ 27r/3> [ zéd ]
cos (wt + 277/3) sin (wt + 27r/3> a

The desired compensator currents (if.,, ig,, i&,) are obtained as

tCcq = %La — l3q
top = Wb — sy

Loe = ULe — U3¢

4. Design methodology of the DSTATCOM

To demonstrate the performance analysis of the DSTATCOM in terms of power quality improvement a case

study has been considered for the three-phase four-wire distribution system under an unbalanced and nonlinear

load condition [18]. Various parameters of the DSTATCOM such as dc link voltage, dc capacitor, ac inductors,

dc inductor, coupling transformer, and controller gains are calculated as follows [19]:

(i)

DC link voltage:
The DC link voltage (V 4.) is based on instantaneous energy available at the DSTATCOM. For a three-

phase voltage source inverter, DC link voltage is calculated as

Vie = 2V2V/(V3m) (5)

Here m is the modulation index and its value is taken as 1, and V ;, is the line to line output ac voltage
for DSTATCOM. Hence, the calculated value of V4. is 326.60 V for V1, of 200 V and is selected as 400
V.

DC capacitor:

The energy conservation principle is applied as
(/2)CaclViz. = Vita] = 3V (al)t, (6)

where V4. is the dc voltage and V 4.1 is the minimum voltage level of the dc bus, a is the overloading
factor, V is the phase voltage, I is the phase current, and t is time by which the dc bus voltage is to be
recovered.

Considering 2% voltage ripple in the dc bus, the minimum voltage level of the dc bus, V4.1 = 392 V, and
Vige=400V,V =239.60 V,I=1892 A, t = 750 us, a = 1.2, the calculated value of C 4. is 3863.55 uF
and it is selected as 4000 pF.
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(iii) AC inductor:
On the inverter’s ac side, the interfacing inductors (AC inductors) L are used to filter high-frequency

components of compensating currents. By taking switching frequency (fs) = 10 kHz, modulation index

(m) = 1, dc voltage (V 4.) of 400 V, overload factor, a = 1.2, the L ; value of DSTATCOM is determined
as

L= dec/4les (7)

ler(p—p)
By considering 7% ripple in the inductor current, and the current ripple, ip(p—p) = 0.07 x 18.92 x
240/200 = 1.589 A, the calculated value of L is 5.24 mH and it is selected as 5.0 mH.

(iv) DC inductor:

The energy conservation principle is applied as
(V2) LacllG, — 13a) = 3V (al)t, (8)

where T4, is the dc current and 4. is the minimum current level at the dc bus, a is the overloading
factor, V is the phase voltage, I is the phase current, and t is time by which the dc bus voltage is to be
recovered. By selecting appropriate values of 14, and 14,1, the value of Ly, can be calculated and its
value is 1 mH.

(v) Coupling transformer:

Two-winding transformers of rating 5 kVA, 240 V /200 V are selected. The selection of coupling transformer
parameters has a large impact on the performance of the STATCOM. It plays an important role in the
value of voltage regulation and power compensation that the STATCOM can provide.

(vi) Controller gain calculation:

The proportional and integral gains of the controllers are calculated from the Ziegler—Nichols step response

method [20]. The gains of the controller are calculated using the following equations:

K, =1.2U/(GT) (9)

K; =0.6U/(GT?), (10)
where U is the amplitude of a step input, G is the maximum gradient, and T is the point at which the
line of maximum gradient crosses the time axis.

DC voltage P controller: Ky,; = 0.6
PCC voltage PI controller: K s = 0.2, K; = 6.5

5. Results and analysis

Verification of both DSTATCOM topologies, VSI-DSTATCOM and CSI-DSTATCOM based on the proposed
SRF and conventional PI controller, has been carried out with the help of the power system simulation package
MATLAB/Simulink. Simulations are performed in discrete mode with ode 45 (Dormand—Prince) solvers. The
total simulation period is 1 s. A three-phase unbalanced R-L load, having different value of resistances and
inductances, and nonlinear load as a three-phase diode bridge rectifier is connected to the feeder.
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The simulation results for both the VSI and CSI based DSTATCOM topologies are presented in this
section for better understanding of and comparative analysis between the two topologies. The main purpose

of the simulation is to study two different performances of control aspects for both the VSI and CSI based

DSTATCOM topologies: 1) harmonic compensation and power factor correction by conventional PI control; 2)

harmonic compensation and power factor correction by synchronous reference frame control. The THD of the
source current is measured under the condition of without DSTATCOM and with DSTATCOM by considering
conventional PI and synchronous reference frame control strategies. The THD measurements are compared for

conventional PI and synchronous reference frame control under both topologies as presented in Table 1.

Table 1. Measured THD for VSI and CSI based DSTATCOM under different control strategies.

Control strategy

VSI based DSTATCOM

CSI based DSTATCOM

Without
DSTATCOM (%)

With
DSTATCOM (%)

Without
DSTATCOM (%)

With
DSTATCOM (%)

Conventional PI

8.11

0.08

8.11

1.81

Synchronous reference frame

8.11

0.06

8.11

1.68

A. Harmonic compensation and power factor correction by conventional PI control

In this section, the behaviors of the VSI and CSI based DSTATCOM systems in response to harmonic
compensation and power factor correction are illustrated. Since VSI and CSI are dual topologies, the
characteristic of current in CSI is analogous to that of voltage in VSI and vice versa. The performance
indices are dc voltage (V4.), dc current (I4.), source current (ig,), terminal voltage (Vi,), and THD.
Figures 7a and 7b illustrate the voltage and current waveform on the dc side of the inverter for the VSI
and CSI based DSTATCOM, respectively. In Figures 8a and 8b power factor is improved to unity by both
VSI and CSI based DSTATCOM systems at the PCC. From Figures 8a and 8b it is seen that the VSI
based DSTATCOM gives better power factor improvement as compared to the CSI based DSTATCOM.
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Figure 7. Voltage and current waveform on DC-side (a) DC voltage for VSI (b) DC current for CSI.
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Figure 8. Power factor correction of (a) VSI based DSTATCOM (b) CSI based DSTATCOM.

Figures 9a and 9b show that the THD of the source current before compensation is 8.11%. After
compensation the source current THD is significantly reduced to 0.08% by the VSI based DSTATCOM
and 1.81% by the CSI based DSTATCOM.

From the FFT analysis of the DSTATCOM, it has been observed that the THD value of the source current
is below 5% for both the VSI as well as the CSI based DSTATCOM topologies, which fall under the criteria
of IEEE-519 standards for harmonic analysis [3,21]. From Figures 9a and 9b it has been also found that
the VSI based DSTATCOM gives lower THD as compared to the CSI based DSTATCOM. This indicates
better performance in terms of harmonic compensation in the VSI based DSTATCOM.

B. Harmonic compensation and power factor correction by synchronous reference frame control

The dynamic performance of the VSI and CSI based DSTATCOM in a three-phase four-wire system for the
compensation of harmonics and power factor correction by synchronous reference frame control has been
explained. The waveforms of the dc voltage (V4.), dc current (I4.), source current (ig,), and terminal
voltage (Vi,) are presented to demonstrate the filtering performance of the DSTATCOM. Figures 10a
and 10b illustrate the voltage and current waveform on the dc side of the inverter for the VSI and CSI
based DSTATCOM, respectively.

It is observed from Figures 11a and 11b that the waveforms of source current (ig,) and terminal voltage
(Vi) are in the same phase; hence power factor correction (unity power factor) occurs by both VSI and CSI
based DSTATCOM topologies. Moreover, the VSI based DSTATCOM gives better power factor correction in
comparison with the CSI based DSTATCOM.

Figures 12a and 12b show the harmonic spectrum of the source current without and with the DSTACOM
for both the VSI and CSI based DSTATCOM topologies. It is observed that the THD of the source current is

reduced from 8.11% without the DSTATCOM to 0.06% with the DSTATCOM for the VSI based DSTATCOM

and from 8.11% without the DSTATCOM to 1.68% with the DSTATCOM for the CSI based DSTATCOM.
Hence the VSI based DSTATCOM is a more suitable approach for harmonic compensation as compared to the

CSI based DSTATCOM.
Table 1 shows comparative values of THD measurements of the source current for the VSI and CSI based

DSTATCOM topologies. It is clear that before compensation the measured THD of the source current is fixed,
i.e. 8.11%, but when the DSTATCOM is in operation with the distribution system, the THD of the source
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Figure 9. THD for source current spectrum of (a) VSI based DSTATCOM (b) CSI based DSTATCOM.
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Figure 10. Voltage and current waveform on DC-side (a) DC voltage for VSI (b) DC current for CSI.
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current is 0.08% for the case of conventional PI control (CPIC) and 0.06% for the case of synchronous reference
frame control (SRFC) in the VSI based DSTATCOM topology but in the CSI based DSTATCOM topology the
THD of the source current is 1.81% for the case of conventional PI control (CPIC) and 1.68% for the case of

synchronous reference frame control (SRFC).
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Figure 11. Power factor correction of (a) VSI based DSTATCOM (b) CSI based DSTATCOM.

Figure 13 shows a chartable representation of THD for conventional PI and synchronous reference frame
control under both the VSI and CSI based DSTATCOM topology.
Table 2 gives a comparative summary of performance parameters for the VSI and CSI based DSTATCOM.

Table 2. Comparison of performance parameters for VSI and CSI based DSTATCOM.

Performance parameter

VSI based DSTATCOM

CSI based DSTATCOM

Power and control circuits Simple Complex

Conduction losses Low High

Energy-storage element DC capacitor DC inductor

Power loss Small Large

Efficiency Higher Lower

Inrush current limiting Inrush current limiting is required. Inrush 4 current limiting is not
required.

Total harmonic distortion (THD)
Power factor correction

Low (Excellent)
Excellent

Comparatively high (Good)
Good
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6. Conclusion

In this paper two different topologies of DSTATCOM named VSI-DSTATCOM and CSI-DSTATCOM have
been chosen for extraction of power quality disturbances in the three-phase four-wire distribution network under

conventional PI and synchronous reference frame control strategies. The VSI based DSTATCOM topology is

compared with the CSI based DSTATCOM topology in terms of current harmonic mitigation, power factor
correction, overall cost, losses, efficiency, etc. It is observed that the VSI based DSTATCOM provided better
compensation by reducing the THD of the source current than the CSI based DSTATCOM. The measured THD
of the source current has successfully fulfilled for the criteria of harmonic standard as mentioned in IEEE 519.
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Appendix

System parameters for simulation work as follows:

Three-phase supply voltage: 415 V, 50 Hz

Distribution line impedance: Ly = 40 mH, R, = 1.57)

Three phase R-L load: R, = 50Q , L, =200 mH, R, = 750, L; = 225 mH,
R, =25Q,L, =175 mH

Three-phase rectifier load: R4y = 1259, L; = 30 mH

Filter parameter: Ly = 5.0 mH

DC capacitance and voltage: C4. = 4000 uF, V4. = 400 V

DC inductance: Lg. = 1.0 mH

Controller parameter (proportional and proportional + integral): K,; = 0.6 and
Kp =02, K; =6.5

PWM switching frequency: 10 kHz

Power converter: IGBTs/diodes
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