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Abstract: A control structure design of a three-phase three-leg four-wire grid-tied Distribution Static
Synchronous Compensator (DSTATCOM) based on a combined-step-size real-coefficient improved
proportionate affine projection sign algorithm (CSS-RIP-APSA) has been presented. The three-
phase four-wire DSTATCOM is used for reactive power compensation along with harmonic current
minimization. This strategy also helps in load balancing and neutral current compensation. The
affine projection sign algorithm (APSA) is a member of the adaptive filter family, which has a slow
convergence rate. The conventional adaptive filter deals with the trade-off between the convergence
rate and the steady-state error. In the proposed algorithm, the RIP-APSA adaptive filter with two
different step sizes has been designed to decrease the computational burden while achieving the
advantages of a fast convergence rate and reduced steady-state error. The proposed controller also
makes the inverter function a shunt compensator. The controller primarily evaluates the fundamental
weight component of distorted load currents. The aim of the proposed system is to compensate
for reactive power and to ensure unity power factor during the faulty conditions as well as for
unbalancing grid conditions. The proposed control algorithm of the grid-tied DSTATCOM works
effectively on the laboratory prototype as verified from the experimental results.

Keywords: grid-tied DSTATCOM; harmonic elimination; reactive power compensation with
unbalance grid; improved power quality with non-linear loading

1. Introduction

The basic function of the Distribution Static Synchronous Compensator (DSTATCOM)
is to eliminate the system’s current harmonics and supply the reactive power demand
of the load at the fundamental frequency. This makes the utility system supply only the
fundamental component current to the load with a unity power factor. This improves
the system efficiency. The modern power system becomes adversely affected due to the

Energies 2022, 15, 197. https:/ /doi.org/10.3390/en15010197

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15010197
https://doi.org/10.3390/en15010197
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3205-2545
https://orcid.org/0000-0001-9274-6843
https://doi.org/10.3390/en15010197
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15010197?type=check_update&version=1

Energies 2022, 15, 197

20f15

prominence of unbalanced loading, more use of non-linear loads, and high neutral current
due to the third harmonic components. In the low-voltage distribution systems, three-
phase four-wire configurations are used for three-phase and single-phase low-voltage
loads, such as computer loads, lighting ballasts, a small rating adjustable speed drive in air
conditioners, fans, refrigerators, etc. The wide use of single-phase loads in the three-phase
system leads to a certain imbalance in the system [1]. These loads produce harmonics
in the supply current and cause a large neutral current. It has been observed that the
third harmonic components predominate over other harmonic components in a neutral
wire during the transient period [2—4]. The overloading and overheating in the neutral
conductor occurs due to the higher neutral current in comparison with the phase current.
This leads to substantial line losses that negatively influence system performance such as
the malfunction of sensitive equipment [5] and power-line communication interference [6].

Significant research efforts have been made to solve the issue of minimizing the
neutral current. Based on the magnetic configuration, one of the robust and traditional
approaches is to employ a star/delta, T-connection, or zigzag connection [7,8]. Some
other topologies such as delta-connected solid-state transformers [9], the addition of an
extra leg in the inverter, termed as a three-phase four-leg inverter [10], have been used to
compensate the neutral current. The issues of overcurrent, active power oscillations, and
unexpected voltage sags are the principal concerns with three-phase four-wire inverters
under unbalanced grid voltage [11]. However, these topologies not only increase the
cost of the system due to the use of additional components but also require advanced
control strategies to operate [12,13]. In [14], the operation of DSTATCOM is illustrated
dealing with the problem of the zero-sequence components without the need for extra
equipment. However, its performance is not satisfactory with dynamic loading conditions
and unbalanced grid conditions. However, the power quality issues such as reactive power
compensation, grid current balancing with the presence of an unbalanced load, power
factor improvement, and maintaining less THD in the grid current with the presence of an
unbalanced grid voltage without the use of additional equipment remained unanswered.

The least mean square (LMS) algorithm has a well-known filter that is popular for
its simple structure and ease of implementation [15].One of the major drawbacks of the
LMS algorithm is its slow convergence rate. Over the last decade, in order to ameliorate
the above problem, different researchers have proposed different algorithms such as nor-
malized LMS (NLMS) [16], affine projection algorithm (APA) [17], and affine projection
sign algorithm (APSA) [18]. NLMS, and its variants, updates its weight factor based on
its single input vector, whereas the variants of the APA family update are based on the
adaptive process. That is why the NLMS algorithm has a very poor convergence rate
in comparison to others [19]. To improve this, some of the improved filters have been
proposed by different authors in different literature by using a proportionate matrix such as
proportionate NLMS [20], proportionate APA [21], and real-coefficient proportionate APSA
(RP-APSA) [22]. These proportionate filters, having an adaptive step-size, improve the
convergence rate but they suffer from large steady-state misalignment. In order to further
enhance the performance, improved versions of proportionate filters have been proposed
such as improved proportionate APA (IPAPA) [23], improved RP-APSA (RIP-APSA) [22],
improved proportionate NLMS [24]. However, these filters still suffer the trade-off between
the convergence rate and steady-state error.

The advantage of APSA is that the optimization is based on a larger step-size norm,
whereas PNLMS has a proportionate matrix. The combination of the advantages of the
above two filters has been applied in the real-coefficient improved proportionate (RIP-
APSA) algorithm. It is noticed that the RIP-APSA achieves faster convergence than conven-
tional adaptive filters. However, the computational complexity of this approach is higher
than the original APSA [25]. All of the above adaptive filters with a larger step-size give fast
convergence and a higher steady-state error. Furthermore, a small step-size provides a small
steady-state error but deteriorated convergence rate. To address this issue, [26] proposes a
convex combination of two RIP-APSA with different step-sizes, termed CSS-RIP-APSA.
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The contributions of the paper are given as follows:

e  Development of the CSS-RIP-APSA control technique for elimination of the third-order
harmonic component present in the grid currents under steady-state and transient
conditions for a three-phase three-leg four-wire system.

e  The proposed control technique is used for extracting the fundamental and quadrature
components from non-linear load currents.

e  The robustness of the controller is examined with the presence of the unbalanced grid
voltages and transient conditions.

e  Hardware validation of the proposed work is conducted in the laboratory for athree-
phase three-leg four-wire grid interfacing DSTATCOM with the help of
dSPACE MicroLabBox.

e  Mitigation of the power quality issues such as harmonic elimination, compensation of
reactive power, balancing grid-side current during voltage sag, and swell.
Maintaining unity power factor operation at grid-side.

Reduction in lower-order harmonics from grid currents under steady-state and tran-
sient conditions.

e A comparative analysis of the proposed controller with the exiting controller such
as APSA and RIP-APSA is conducted in terms of total harmonic distortion (THD),
convergence, steady-state error, sample time, and computation complexity.

This paper is organized into five sections: Section 2 describes the mathematical descrip-
tion in cooperating with DSTATCOM, Section 3 describes the experimental verification and
its results, and Section 4 represents the comparison results with exiting control structures.
The conclusion is presented in Section 5.

2. DSTATCOM Based on CSS-RIP-APSA Algorithm

A schematic diagram of power exchange between DSTATCOM and the utility grid is
shown in Figure 1. DSTATCOM draws active power from the grid to charge the capacitor
and deliver reactive power to it. A block diagram of a three-phase four-wire neutral
clamped DSTATCOM is illustrated in Figure 2. A three-phase unbalance utility is connected
to a three-phase non-linear load and a linear RL load. The DSTATCOM is built with a
three-phase voltage source converter (VSC) and two series-connected DC capacitors. The
dc capacitor’s midpoint is linked to the neutral of the utility and the load neutral. At PCC,
a three-phase inductive filter is connected.

Real Power

ositive Sequenc

Negative sequence ; DSTATCOM

and \ /

Zero sequence /

Reactive Power

i y

Figure 1. Schematic diagram of power exchange.
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Figure 2. Configuration of grid integrated three-phase neutral clamped DSTATCOM.

Control Structure
The proposed control structure for the grid-connected DSTATCOM is shown in Figure 3.
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Figure 3. Block diagram of CSS-RIP-APSA-based control algorithm.

As feedback signals, the PCC line voltages (vg5,0s5), the load currents (ij,,ij,i)), and
DC-link voltage (Vjcactua1) are measured. The measured PCC line voltages are utilized to
estimate three-phase voltages as

o 2 Usab + Ushe Ushe + Usap _(vsbc + Usab)

Usqg = f/ Usp = 3 7 Usc = 3 (1)

Positive sequence voltages (Vpa, Upp, Upc) Of the unbalance grid are given as

Vpa 1 a2 w Vsa
o | = & 1 & | x| vy )
Upe > a1 Usc

where &« = 1/120" and a? = 1/240°. The amplitude and in-phase (1, Upp, upc) templates
are estimated using these PCC voltages as follows

V; = 0816 x /02, + vgb + 02, (3)
where the amplitude of the terminal voltage is represented by V;.

= X 1 = X — = X — 4)
Upg =T JUpy =70 JUpe =T
pa pa 3 2 pb pb Vi pc pe Vi
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Again, the unit templates for the quadrature component are computed as

uga = 0.577 X (Upc — Upp) ®)

Ugp = 0.288 X (3% tpg + Upy — Upc) (6)

uge = 0.288 x (u — Bupg — Upc) 7)

Vector (i) represents the input repressor vector, and vector 7; (i) represents the de-
sired input vectors, which are denoted as (i) = [ w(i)) $(i—1) ... Y(i—n+1) ]

and i;(i)= [ i)(i), i(i—1) ... i(i—n+1) |, wherei signifies the time index and n

denotes the projection order. As a consequence, he difference between the input vector and
estimated vector is given as

n(i) =i () =" Y (i) ®)
where, Y(i) is weight vector determined from the CSS-RIP-APSA, and load current (i) is
treated as desired input.

The weight updating equation for CSS-RIP-APSA with regularization at ith sample
period is formulated as in [26].
p¥ (1)G(i)sgnm(i)]
\/Sgn[TlT(i)]‘YT(i)G(i)G(i)‘F(i)Sgn[n(i)] +9

where p(i) = [((i))1 + (1 — {(i)) 2], 1 and 1, are different step sizes of APSA filter,

Y(i)=Y(i-1)+

©)

F=0 a<—In(B£l

D-1
whereas ¢ is definedas ¢ ¢ =1 « > —In(2 L
N_ _ D D-1
orelse ((i)= T om 2

- N (i [Z()T+1-20)n]¥([E)G(i)sgnn(i)] _ :

D=2and (i) = 0= 1)+ &o(l = &) ZorrmTacncny s — COHS
the constant value. G(i) = diag{go(i) ...gr—1(i)} is a diagonal proportionate matrix, and
P (i) is input load current matrix. The input vector (k) consists mostly of fundamental
active component weighted values (Ypa,Ypb,YpC), unit vectors (in-phase unit vectors),
and reactive component weighted values (Y4a, Y5, Ygc) with respect to the load currents
(i14, i1p,11c) provided in Equations (10)-(15). Equation (9) is modified to obtain updated
active and reactive weight components as

Dy [2()T + (1 — £(0)1] W1 () G (i)sgnn, (i)]
el = el ) T T (eI G Dsgnma] =5
You(i) = Yo i - 1) + —LE0T (1= D) Bl C)sgnln () a

Vsgnng (D1¥1T ()G(i)G (i) ¥y (i)sgnfny (i)] +

NV () + (1 — 2() 0] ¥1 (1) G (i)sgnn. (1))
Yol = Yoeli =)+ e e 5

. . ()T + (1 — (1) 0] ¥1a () G (i)sgnng ()]

Yoa(i) =Yg (i — 1 13

() = Yo )+\/sgnna (O]¥1.T () GG () ¥ (1)sgna ()] + 0 (13)

Yoy i) = Yypli — 1) LB+ (= L) CDsgning(i) "
Vsgnng ()]¥1T ()G(i)G (i) ¥ (i)sgnfny (i)] +

NV () + (1 — (1) 1] %1 ()G (i) sgnne (i)]

Yaell) = Yol 1)+\/Sgnnc T OCOCH g 15
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The average per phase fundamental active weight component is calculated from (10)
to (12) as follows

1

The load current consists of harmonic current, reactive current, and active current.
To operate at unity power factor, the compensator must inject the harmonic and reactive
components of the load current in such a way that the source current equals the differ-
ence between the load current and compensation current. The reactive and harmonic
components of the load current are combined together to form the compensating current.
This ensures that the source current carries only the fundamental active component of
the load current. The switching loss component is associated by the operation of the
compensator with respect to the rms value of the PCC voltage. Here, loss component
(Ycploss) is supplied by the grid through injecting extra active power into the system. This
loss component ensures that constant DC-link voltage is maintained by the proportional-
integral (PI) controller at the dc bus of DSTATCOM. By comparing the DC-link voltage
reference value (V) with the actual DC-link voltage (Vicactuar), the loss parameter of the
DSTATCOM is calculated. This signal representing the loss component is passed through a
proportional-integral (PI) controller to maintain the DC-link voltage at its desired set value.
It is calculated at the i*" sample time as

chloss 0 = chloss(iil) + Kpl[vd*c(i) - Vd*c(iil)] =+ Kil V;c(i) (17)

where V7 (i) = Vg = 2Vicactua- The net weight active reference grid currents are calcu-
lated as
Ysp = Ylpu + chloss (18)

For unity power factor operation, the unity current templates are in phase with the
supply voltage. The active component of the generated reference current is written as

ine = Ysp X Upa; 1%, = Yop X Upp; e = Yop X Up (19)

It should be emphasized that the grid current must follow the generated reference
current and does not have any zero-sequence components. For zero voltage regulation
(ZVR), the reactive reference current can be found from the voltage control loop with PI
controller output. The steps are provided as follows

Vterror(i) = Vt*<i> - Vt(l) (20)

ch(i) = ch(i_l) + sz[v(i)terror - V(i_1>terror] + KiZV(i)terror (21)

The average reactive weight of the fundamental component is reduced to the AC loss
component, yielding the reactive weight component of the reference grid current, i.e.,

Yog =Yg — Yiga (22)

where Y, = % X [Yga + Yo + Y] The reactive component of grid current is determined
as follows

3k

fq
As a consequence, the following grid reference currents are computed as

2 = Uga X Ysq; i;‘b = ugp X Ysg; if;c = tge X Ygq (23)

I = ipg + iga; gy = Tpp + Ty fse = Tpe +ige (24)

The hysteresis current controller generates DSTATCOM gate pulses. Subtraction of
the measured grid current (is,, isp, isc) from the grid reference currents (i, i%,,i%.) yields
the error.
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3. Results and Discussion

The efficiency of the proposed CSS-RIP-APSA-based control algorithm for prototype
DSTATCOM has been carried out using a DSP-based processor (dASPACE 1202). The test
results were analyzed using a four-channel YOKOGAWA DSO-DLM2024 digital storage
oscilloscope and YOKOGAWA DSODLM2024 power analyzer. The dynamic performance
of the proposed system was analyzed in the presence of an unbalanced supply voltage and
sudden changes in the loading conditions. The sampling time was set to 50 ps. Figure 4
depicts the experimental setup. The experimental parameter details have been given in the
Appendix A.

h____,_ T

p— s
Power Analyser & DSO

L2

-

. "e._l..: _-_,A- -
FSZ] R Liker NSNS

Figure 4. An experimental setup developed at the laboratory.

3.1. Case 1

The unbalance grid voltage is supplied to a three-phase non-linear and linear load. To
create an unbalance grid in the laboratory, external resistances are added in series with the
input voltage. A rectifier is connected to a restive and inductive load to form a non-linear
load. The nature of the unbalance grid voltage and the non-linear load current is shown
in Figure 5a,b, respectively. The load draws non-linear current from the source, which
increases the THD of the grid current. With the proposed techniques, the grid current
becomes sinusoidal as shown in Figure 6a. To fulfill the load demand, compensation
current is provided from DSTATCOM as shown in Figure 6b. Figure 7a shows the results
of the power analyzer before the DSTATCOM is connected. It can be seen that 0.933 kW
active power and 256 VAR of reactive power are delivered to the load from the grid. It can
be observed from Figure 7b that with the operation of the DSTATCOM, the reactive power
supplied from the grid decreases from 256 VAR to 81 VAR.As a consequence, the THD of the
grid current of the compensated system is lower compared to the uncompensated system.

Figure 8a—c shows the THD of three-phase grid currents and grid voltages. The THD
of the compensated grid currents are 3.66%, 4.56%, and 3.92%, respectively. The THD of
the compensated grid voltages are 1.80%, 2.9%, and 2.13% respectively. Here, it is noticed
that the THD in the grid compensated voltages are less due to the elimination of the third
harmonic in the neutral wire. This indicates that the compensation of neutral current is
due to less THD in the grid voltages. It is also observed from the power analyzer that
DSTATCOM draws 111 Watt active power from the grid to compensate for the switching
losses. At the same time, it delivered 175 VAR into the system in order to compensate for
the harmonic current and reactive power in the system. Furthermore, the grid current is in
the opposite phase with the compensation current flowing from the DSTATCOM as shown
in Figure 9. It can be ensured that the compensation current has the ability to cancel out all
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of the harmonic components present in the grid current, i.e., particularly dominant third
harmonic components.

o500 ¥ XK 00 ]
ain ©

10ms/dv oms/div

\_/\ v \_/\/ \_/\ /

X Axis =10 ms /div

DT RS

X Axix = 5 ms/ div

Y Axis =50 V /div Y Axix = 10.00 A/ div

(2) (b)

Figure 5. (a) Characteristic of unbalance grid voltage, (b) Non-linear characteristic of load current.
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Figure 6. (a) Characteristic of grid current with and without compensation, (b) Compensationcurrent
flow from DSTATCOM.
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Figure 7. Power quality analysis of the system (a) without compensation (b) with compensation.
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Figure 8. THD of grid current (a) phase-A, (b) Phase-B current, (c) Phase-C.
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Figure 9. Behaviour of grid current with respect to compensation current.

3.2. Case 2

The performance and robustness of the proposed algorithm is observed by removing
one of the input phases (phase-B) of the load, resulting in unbalanced grid voltage.As
a consequence, the three-phase non-linear load functions like a single-phase non-linear
load as illustrated in Figure 10a, which reduces the demand of the non-linear load current.
Thus, the compensation current drawn from DSTATCOM is also reduced, as illustrated in
Figure 10b. Therefore, the compensation current in phase-B is nearly sinusoidal in nature.
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Figure 10. (a) Behavior of load current during transient state, (b) compensation current flow from
DSTATCOM during transient operation.

Figure 11a,b shows the power flow analysis after and before compensation, respec-
tively.It is observed that the initial active power requirement is 0.558 kW and the reactive
power is 0.303 kVAR. When the DSTATCOM is operational, the active power flow from the
grid rises to 0.707 kW to support the DC-link voltage and system losses but the reactive
power reduces to just 0.060 kVAR. This implies that the reactive power burden on the
grid is decreasing. Furthermore, grid current hasan equal magnitude with respect to other
phases during the time when the phase-B load is removed.

The THDs in all three phases of the grid currents are 2.7%, 4.9%, and 2.7%, as illustrated
in Figure 12a—c, respectively. It is also noticed that the THDs of grid voltages are 2.1%,
2.7%, and 2.6% in all three phases, respectively.Figure 13a shows the DC-link voltage and
the grid currents of the three phases before compensation, after compensation, and during
the faulty condition. Figure 13b shows the zoomed view of Figure 13a before and after
compensation of the grid current. Here, it is noticed that currents in all three phases are
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sinusoidal after compensation and DC-link voltage increases from 101 V to 161 V. Figure 13c
illustrates the DC-link voltages and grid currents in a faulty condition. It is also a zoomed
view of mode 2 of Figure 13a. It can be observed that the DC-link voltage increases from
161V to 180 V during fault conditions. At the same time, all three phases of grid currents
become sinusoidal due to the compensation provided by DSTATCOM. Figure 14a,b shows
the vector diagram of grid voltage and current during the faulty condition.
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Figure 11. Power analysis during transient (a) after compensation, (b) before compensation.
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Figure 12. Cont.
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Figure 12. THD of grid current (a) phase-A, (b) phase-B, (c)phase-C.
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Figure 14. Vector analysis of grid voltage with respect to grid current (a) without compensation,
(b) with compensation.

4. Comparison

The performance of extracting the fundamental component of load current using the
suggested CSS-RIP-APSA control algorithm and other adaptive approachesat similar rat-
ings under identical situations is demonstrated in Figure 15. It can be shown that extraction
of the fundamental signal by the suggested CSS-RIP-APSA offers a quick response as well
as reduced oscillation as compared to APSA [11] and RIP-APSA [15]. Moreover, the above
two algorithms” adaptive controls, under transient scenarios, have large oscillations and
more time to stabilize in comparison with the proposed CSS-RIP-APSA control algorithm.

—— RIP-APSA
——— CSS-RIP-APSA
APSA

of load current
o = L w - (4] o N o o

S

Averagw weight component

[y

1 1 | L 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time (s)

Figure 15. Comparison of proposed algorithm with traditional algorithms.

5. Conclusions

A control strategy based on the CSS-RIP-APSA algorithm has been developed for
the mitigation of third harmonic as well as other harmonics present in the system. In
a three-phase four-wire system, third harmonic current flows in the neutral wire cause
overloading and overheating, and line losses, and negatively influence system performance
in the distribution system. The proposed control algorithm is considered to be a new
topology for the modern power system. It has advantages of cost-effectiveness as well
as a fast dynamic response in terms of achieving fast-tracking error. It is also helpful in
reactive power sharing in between load and DSTATCOM without being dependent on
the grid. The developed control algorithm is implemented to generate the driving pulses
for the DSTATCOM. The suggested CSS-RIP-APSA algorithm has a great performance
compared to traditional adaptive filters in terms of harmonics mitigation, convergence
speed, computational complexity, and error minimization. To validate the performances,
the experimental results of the proposed algorithm are presented under both transient and
steady-state conditions.

The feature of the CSS-RIP-APSA algorithm has the ability to segregate the funda-
mental and higher-order components of grid current without introducing a phase delay
and magnitude reduction. The elicitation of fundamental components and the detection
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of harmonics without PLL is presented in this paper. This method gets rid of the delay
attached with different filters and also solves the issues arising out of the influence of
detection of PLL accurately, increasing the speed of the dynamics response. Furthermore,
the THD of the grid current is maintained within the IEEE-519 standard. The test results
corroborated the authenticity of the proposed controller. This work can be extended for
grid integration of renewable resources such as photovoltaic and wind. This helps the
inverter to transfer the active power and reactive power, and to reduce the dependency on
the utility.
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Appendix A
EXPERIMENTAL SETUP PARAMETERS

System Quantities Values
Unequal Source voltage (rms) 41V,31V,41 Vrms L-N, 50 Hz
Feeder impedance Rs =03 ohm, Ls =03 mH, Rs/ X =3.185
PI tuning parameter Kp1 =0.1, Kjy = 0.001; Kpp = 0.05, K = 0.005
Non-linear load 3-® rectifier with RL load of 4 ohm and 40 mH
DSTATCOM parameter Vicreference = 165'V, Cg = 2200 pF, Ly = 0.55 mH
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