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Introduction:

Three-phase four-wire distribution grids are facing severe power quality problems such as poor voltage
regulation, high reactive power and harmonics current burden, load unbalancing, excessive neutral current,
etc. [1]-[5]. Three-phase four-wire distribution grids are used in commercial buildings, office buildings,
hospitals, etc. Most of the loads in these locations are nonlinear loads and are mostly unbalanced loads in the
distribution grid. This creates excessive neutral current both of fundamental and harmonic frequency, also
the neutral conductor gets overloaded. The voltage regulation is also poor, due to the unplanned expansion
and the installation of different types of loads in the existing distribution grid. In order to control the power
guality problems, many standards are proposed, such as the IEEE-519 standard [6]. There are mitigation
techniques for power quality problems in the distribution grid and the group of devices is known by the
generic name of custom power devices (CPDs) [1]. The distribution static compensator (DSTATCOM) is a
shunt-connected CPD capable of compensating power quality in the load current. Some of the topologies of
DSTATCOM for three phase four-wire system for the mitigation of neutral current along with power quality
compensation in the source current are four-leg voltage source converter (VSC), three single-phase VSCs,
three-leg VSC with split capacitors [3], three-leg VSC with zig-zag transformer [7]-[9], and three-leg VSC
with neutral terminal at the positive or negative of dc bus [10]. The voltage regulation in the distribution
feeder is improved by installing a shunt compensator [11]. There are many control schemes reported in the
literature for control of shunt active compensators such as instantaneous reactive power theory, power
balance theory, synchronous reference frame theory, symmetrical components based, etc. [12], [13]. The
synchronous reference frame theory [12] is used for the control of the proposed DSTATCOM.

In this paper, a new topology of DSTATCOM is proposed for a three-phase four-wire distribution system,
which is based on three-leg VSC and a T-connected transformer. The T-connected transformer used in the
three-phase distribution grid for different applications [14]-[16].But the application of T-connected

This open-access journal is published under the terms of the Creative Commons Attribution-Noncommercial 4.0 International License.


http://alkhass.srpub.org/
https://creativecommons.org/licenses/by-nc/4.0/

Mohammad zohourattar, Neda Pirzad Mashak,Gholamali Askarzadeh
Power Quality Improvement with T-Connected Transformer and Three-leg VSC Based DSTATCOM

transformer for neutral current compensation is demonstrated for the first time. Moreover, the T-connected
transformer is suitably

designed for magnetic motive force (mmf) balance. The T-connected transformer mitigates the neutral
current and the three-leg VSC compensates the harmonic current and reactive power, and balances the load.
The insulated gate bipolar transistor (IGBT) based VSC is self-supported with a dc bus capacitor and is
controlled for the required compensation of the load current. The DSTATCOM is designed and simulated
using MATLAB software with its Simulink and power system blockset (PSB) toolboxes for power factor
correction and voltage regulation along with neutral current compensation, harmonic elimination, and load
balancing with linear loads as well as nonlinear loads.

system configuration and design:

Fig. 1(a) shows the single-line diagram of the shunt-connected DSTATCOM-based distribution system. The
dc capacitor connected at the dc bus of the converter acts as an energy buffer and establishes a dc voltage for
the normal operation of the DSTATCOM system. The DSTATCOM can be operated for reactive power
compensation for power factor correction or voltage regulation. Fig. 1(b) shows the phasor diagram for the
unity power factor operation. The DSTATCOM injects a current Ic such that the source current is only Is ,
and this is in-phase with voltage. The voltage regulation operation of DSTATCOM is depicted in the phasor
diagram of Fig. 1(b). The DSTATCOM injects a current Ic such that the voltage at the load (VS) is equal to
the source voltage (VM ).
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Fig. 1. (a) Single-line dlagram of DSTATCOM system. (b) Phasor diagram for UPF operation. (c) ZVR operation.

The proposed DSTATCOM consisting of a three-leg VSC and a T-connected transformer is shown in Fig. 2,
where the T-connected transformer is responsible for neutral current compensation. The windings of the T-
connected transformer are designed such that the mmf is balanced properly in the transformer.

A three-leg VSC is used as an active shunt compensator along with a T-connected transformer, as shown in
Fig. 2, and this topology has six IGBTS, three ac inductors, and one dc capacitor.

The required compensation to be provided by the DSTATCOM decides the rating of the VSC components.
The data of DSTATCOM system considered for analysis is shown in the Appendix.

The VSC is designed for compensating a reactive power of 12 kvar, as decided from the load details. The
selection of interfacing inductor, dc capacitor, and the ripple filter are given in the following sections.

Isa ILa

2 s u‘—"T hree:}hase
Ish = ILb Four wire
8 i
-1 -E‘T Monlinear
Isc — ILc Loads
pra | =
Isn _T 1L
Zsn =zl
=)
2 2
L L
=i gc] e £

| ¢ 8 = ] e S

c v Lo —+ =
1 az? al =T
- r £ H;E;HJ £
I =¥
It =

c r (A

Ripplefilter

Fig. 2. Schematics of the proposed three-leg VSC with T-connected transformer- based DSTATCOM connected in
distribution system.
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control of dstatcom:

The control approaches available for the generation of reference source currents for the control of VSC of
DSTATCOM for three-phase four-wire system are instantaneous reactive power theory (IRPT), synchronous
reference frame theory (SRFT), unity power factor (UPF) based, instantaneous symmetrical components
based, etc. [12], [13]. The SRFT is used in this investigation for the control of the DSTATCOM. A block
diagram of the control scheme is shown in Fig. 4. The load currents (iLa, iLb, iLc), the PCC voltages (vSa,
vSh, vSc), and dc bus voltage (vdc) of DSTATCOM are sensed as feedback signals. The load currents from
the a—b—c frame are first converted to the a—f—0 frame and then to the d—g—o frame using

]
| =3
Iod

where cos 6 and sin 6 are obtained using a three-phase phase locked loop (PLL). A PLL signal is obtained
from terminal voltages for generation of fundamental unit vectors [18] for conversion of sensed currents to
the d—g—o reference frame. The SRF controller extracts dc quantities by a low-pass filter, and hence, the non-
dc quantities (harmonics) are separated from the reference signal. The d-axis and g-axis currents consist of
fundamental and harmonic components as

sind  sin(B — 120) s=in(8 + 120} | |Tb

cosB cos(B—120) cos(d + 120]] [Ia}
0.5 0.5 0.5 Ic (1)

g =lage + g0 2
qu =qur +chr (3)

The control strategy for reactive power compensation for UPF operation considers that the source must
deliver the mean value of the direct-axis component of the load current along with the active power
component current for maintaining the dc bus and meeting the losses (iloss ) in DSTATCOM. The output of
the proportional-integral (P1) controller at the dc bus voltage of DSTATCOM is considered as the current
(iloss ) for meeting its losses

iloss(n) = iloss(n—1) + Kpd(vde(n) —vde(n-1)) + Kidvde(n) (4)

where vde(n) = vxdc —vdc(n) is the error between the reference (v+ dc) and sensed (vdc) dc voltages at the
nth sampling instant. Kpd and Kid are the proportional and integral gains of the dc bus voltage Pl controller.
The reference source current is therefore

i«d=iddc+iloss. (5)

The reference source current must be in phase with the voltage at the PCC but with no zero-sequence
component. It is therefore obtained by the following reverse Park’s transformation with ixd as in (5) and i+
and i~0 as zero

la cos8 sinfg 17 nd
[Ib] = [cns(ﬂ —120) sin(e —120) 1] [Iq]
Ic cos(B+120) sin(B +120) 1 lg (6)

The compensating strategy for ZVR operation considers that the source must deliver the same direct-axis
component ixd, as mentioned in (5) along with the sum of quadrature-axis current (ig dc) and the component
obtained from the PI controller (igr ) used for regulating the voltage at PCC. The amplitude of ac terminal
voltage (VS ) at the PCC is controlled to its reference voltage (V * S ) using the Pl controller. The output of
Pl controller is considered as the reactive component of current (igr) for zero-voltage regulation of ac
voltage at PCC. The amplitude of ac voltage (VS ) at PCC is calculated from the ac voltages (vsa, vsb, vsc) as

W = J(G) (Va® + Vb* + Vo2l @
Then, a PI controller is used to regulate this voltage to a reference value as
igr(n) = igr(n—1) + Kpq (vte(n) —vte(n-1)) + Kig vte(n)  (8)
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where vte(n) = V * S—VS(n) denotes the error between reference (V #S) and actual (VS(n) ) terminal voltage
amplitudes at the nth sampling instant. Kpg and Kiq are the proportional and integral gains of the dc bus
voltage PI controller. The reference source quadrature-axis current is

i=q=iqdc+igr (9)

The reference source current is obtained by reverse Park’s transformation using (6) with i=d as in (5) and i*
gasin (9) and i=0 as zero.

The gains of the controllers are obtained using the Ziegler—Nichols step response technique [19]. A step
input of amplitude (U) is applied and the output response of the dc bus voltage is obtained for the open-loop
system. The maximum gradient (G) and the point at which the line of maximum gradient crosses the time
axis (T) are computed. The gains of the controller are computed using the following equations:

Kp = 1.2U/GT

(10)
Ki = 0.6U/GT2.

(11)

The gain values for both the PI controllers are computed and are given in the Appendix.

In a current controller, the sensed and reference source currents are compared and a proportional controller is
used for amplifying current error in each phase before comparing with a triangular carrier signal to generate
the gating signals for six IGBT switches of VSC of DSTATCOM.

Simulation:

The three-leg VSC and the T-connected-transformer-based DSTATCOM connected to a three-phase four-
wire system is modeled and simulated using the MATLAB with its Simulink and PSBs. The ripple filter is
connected to the DSTATCOM for filtering the ripple in the PCC voltage. The system data are given in the
Appendix. The MATLAB-based model of the three-phase four-wire DSTATCOM is shown in Fig. 5. The T-
connected transformer in parallel to the load, the three-phase source, and the shunt-connected three-leg VSC
are connected as shown in Fig. 5. The available model of linear transformers, which includes losses, is used
for modeling the T-connected transformer.

The control algorithm for the DSTATCOM is also modeled in MATLAB. The reference source currents are
derived from the sensed PCC voltages (vsa, vsb, vsc ), load currents (iLa, iLb, iLc), and the dc bus voltage of
DSTATCOM (vdc). A PWM current controller is used over the reference and sensed source currents to
generate the gating signals for the IGBTs of the VSC of the DSTATCOM.

In the first control block, the reference currents are obtained, that it should be compared with the original
currents, then using the difference between this two, be sent pulses required for gate of the thyristor in
DSTATCOM. In Figure shown the control block of phase a, also the required pulse for g1. That this pulse
such be sent, until with in spite of non-linear and unbalanced load at the end of the line,are sinusoidal
voltages and currents of each phase at the beginning of the line. Also should be fixed the DC capacitor
voltage at 300 volts. In figure 5 is shown circuit system.
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Figure 3. Block diagram of the control circuit

Page |4



SRPH Journal of Interdisciplinary Studies, 1(1), 1-10

P

Cormpar-
ator

Figure 4: The control block, generating a reference current, pulse production

[rhree phase

oivEim  oigmn L Fourwire

1 v

CF ) =y & ’—‘—Unbauanced
| oads

ooEae Do i Ly | 1
=y | 0.0001 BAm] 4000 A L ey
L o 10 pam oo o oo v ] i
_E E E 00001 k] 4000 [+F] &
=lslsls
g 4 4§
= E'lJ B B
J
T e
T
g ™
==t tl
‘QL|>'—| ij ’_l?g P
Ly L]

=
=

=000 mF)

Figure 5: Three-phase four-wire system with DSTATCOM and VSC tripod and Transformer T-shaped simulated in
PSCAD /EMTDC

Considering that our load is a non-linear load and load current is non-sinusoidal, thus current source and
voltage source are non-sinusoidal and have the many harmonics. The performance of the T-connected
transformer and threeleg- VSC-based three-phase four-wire DSTATCOM is demonstrated for power factor
correction and voltage regulation along with harmonic reduction, load balancing, and neutral current
compensation. The developed model is analyzed under varying loads and the results are discussed shortly.
For this purpose to remove the harmonics are used the above circuits. In this circuit, of the fourth second the
DSTATCOM is removed the circuit, that the following figures are the impact shown effect of DSTATCOM.
In figure 6 is shown voltage source waveform, that from the fourth second was removed from circuit.
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Figure 6: A part of the s_upply voltage waveform

In figure 7 shows the current source waveform with using of DSTATCOM will be fully sinusoidal, and in
fourth second DSTATCOM is remove from circuit.
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Figure 7: A part of the supply current waveform
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Figure 8 shows the waveform of the load current, that feeds the non-linear load.
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Figure 8: Part of the load current waveform

Dc capacitor voltage waveform which should be established on 300 volts shown in figure 9.
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Figure 9: dc capacitor voltage

As mentioned is used T-form transformotor for eliminate the current of neutral line. In the diagram of figure
10 are shown the current of neutral wire in source side and load side. As expected, both sides of the neutral
current is zero.
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Figure 10: Waveform of the neutral wire in load And source side

In figure 11, is shown the current reference waveform which is generated by the control bloch. Also in figure
12 is shown the currents is given to the circuit with DSTATCOM.
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And the simulation results are as follows:
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Figure 13.Voltage PCC, current source and the
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Conclusion:

The performance of a new topology of three-phase four-wire DSTATCOM consisting of three-leg VSC with
a T-connected transformer has been demonstrated for neutral current compensation along with reactive
power compensation, harmonic elimination, and load balancing. The T-connected transformer has mitigated
the source-neutral current. The voltage regulation and power factor correction modes of operation of the
DSTATCOM have been observed and are as expected. The dc bus voltage of the DSTATCOM has been
regulated to the reference dc bus voltage under all varying loads. Two single phase transformers are used for
the T-configuration of the transformer to interface with a three-phase four-wire system. The total kilovolt-
amperes rating of the T-connected transformer is lower than a star/delta transformer for a given neutral
current compensation. The experimental results on a prototype have verified that the T-connected
transformer has been effective in compensating the zero sequence fundamental and harmonics currents.

References:

[1] A. Ghosh and G. Ledwich, Power Quality Enhancement Using Custom Power Devices. London, U.K.:
Kluwer, 2002.

[2] R. C. Dugan, M. F. McGranaghan, and H. W. Beaty, Electric Power Systems Quality, 2nd ed. New York:
McGraw-Hill, 2006.

[3] H. Akagi, E. H. Watanabe, and M. Aredes, Instantaneous Power Theory and Applications to Power
Conditioning. Hoboken, NJ: Wiley, 2007.

[4] A. Moreno-Munoz, Power Quality: Mitigation Technologies in a Distributed Environment. London,
U.K.: Springer-Verlag, 2007.

[5] E. F. Fuchs and M. A. S. Mausoum, Power Quality in Power Systems and Electrical Machines. London,
U.K.: Elsevier, 2008.

[6] IEEE Recommended Practices and Requirements for Harmonics Control in Electric Power Systems,
IEEE Standard 519, 1992.

[7] L. H. Beverly, R. D. Hance, A. L. Kristalinski, and A. T. Visser, “Method and apparatus for reducing the
harmonic currents in alternating current distribution networks,” U.S. Patent 5 576 942, Nov. 19, 1996.

[8] H.-L. Jou, J.-C. Wu, K.-D. Wu, W.-J. Chiang, and Y.-H. Chen, “Analysis of zig-zag transformer applying
in the three-phase four-wire distribution power system,” IEEE Trans. Power Del., vol. 20, no. 2, pp. 1168—
1173, Apr. 2005.

9|Page



Mohammad zohourattar, Neda Pirzad Mashak,Gholamali Askarzadeh
Power Quality Improvement with T-Connected Transformer and Three-leg VSC Based DSTATCOM

[9] H.-L. Jou, K.-D.Wau, J.-C.Wu, andW.-J.Chiang, “A three-phase four-wire power filter comprising a three-
phase three-wire active filter and a zig-zag transformer,” IEEE Trans. Power Electron., vol. 23, no. 1, pp.
252-259, Jan. 2008.

[10] H. L. Jou, K. D. Wu, J. C. Wu, C. H. Li, and M. S. Huang, “Novel power converter topology for three-
phase four-wire hybrid power filter,” IET Power Electron., vol. 1, no. 1, pp. 164-173, 2008.

[11] H. Fugita and H. Akagi, “Voltage-regulation performance of a shunt active filter intended for
installation on a power distribution system,” IEEE Trans. Power Electron., vol. 22, no. 1, pp. 1046-1053,
May 2007.

[12] M. C. Benhabib and S. Saadate, “New control approach for four-wire active power filter based on the
use of synchronous reference frame,” Electr. Power Syst. Res., vol. 73, no. 3, pp. 353-362, Mar. 2005.

[13] M. I. Milan’es, E. R. Cadaval, and F. B. Gonz alez, “Comparison of control strategies for shunt active
power filters in three-phase four-wire systems,” IEEE Trans. Power Electron., vol. 22, no. 1, pp. 229-236,
Jan. 2007.

[14] B. A. Cogbill and J. A. Hetrick, “Analysis of T-T connections of two single phase transformers,” IEEE
Trans. Power App. Syst., vol. PAS-87, no. 2, pp. 388-394, Feb. 1968.

[15] IEEE Guide for Applications of Transformer Connections in Three-Phase Distribution Systems, IEEE
C57.105-1978 (R2008).

[16] B. Singh, V. Garg, and G. Bhuvaneswari, “A novel T-connected autotransformer-based 18-pulse AC—
DC converter for harmonic mitigation in adjustable-speed induction-motor drives,” IEEE Trans. Ind.
Electron., vol. 54, no. 5, pp. 2500-2511, Oct. 2007.

[17] B. N. Singh, P. Rastgoufard, B. Singh, A. Chandra, and K. A. Haddad, “Design, simulation and
implementation of three pole/four pole topologies for active filters,” in Inst. Electr. Eng. Proc. Electr.
Power Appl., Jul. 2004, vol. 151, no. 4, pp. 467-476.

[18] S. Bhattacharya and D. Diwan, “Synchronous frame based controller implementation for a hybrid series
active filter system,” in Proc. IEEE Ind. Appl. Soc. Meeting 1995, pp. 2531-2540.

[19] J. R. Hendershot and T. J. E. Miller, Design of Brushless Permanent Magnet Motors. Oxford, U.K.:
Magna Physics, 1994.

[20] P. Enjeti,W. Shireen, P. Packebush, and I. Pitel, “Analysis and design of a new active power filter to
cancel neutral current harmonics in three-phase four-wire electric distribution systems,” IEEE Trans. Ind.
Appl., vol. 30, no. 6, pp. 1565-1572, Nov./Dec. 1994.

Page |10



