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In recent times, neutral point piloted (NPP) or half-leg T-type multilevel inverter (MLI) becomes a promising topology for
medium-voltage high-power applications. This T-type MLI is the best substitute for diode clamped multilevel inverter (DCMLI)
due to its simple structure and absence of clamping diodes. However, the neutral point voltage control or dc bus capacitors’
balance of NPP T-type MLI is a challenging task. Therefore, this paper presents a nonlinear sliding mode controller (SMC) for dc-
link voltage balance and reference current control in distribution static compensator (DSTATCOM). For this, a three-level T-type
MLI-based three-phase four-wire DSTATCOM is considered to eliminate current-related power quality issues such as harmonics,
reactive power, load unbalance, and neutral current. The proposed NPP T-type-based DSTATCOM is compared with DCMLI and
active DCMLI-based DSTATCOMs in terms of switching losses and cost. Simulation studies are carried out in MATLAB Simulink
environment and further corroborated with experimental studies. Furthermore, the ability of the proposed SMC-based controller

is compared with the PI controller under different operating conditions.

1. Introduction

One of the best methods to improve the power quality is by
using a distribution static compensator (DSTATCOM).
DSTATCOM can eliminate current harmonics, compensate
reactive power, and balance the three-phase load currents in
a three-phase four-wire system. DSTATCOM is used to
generate compensating currents and added with distorted
current consumed by nonlinear loads, to eliminate the
harmonics present in the source currents [1]. DSTATCOM
can be realized with a two-level or multilevel inverter (MLI);
however, a two-level inverter-based DSTATCOM requires
a large filter size and is unsuitable for medium-voltage
applications. Therefore, MLIs are suitable due to their ad-
vantages like low THD, high efficiency, and reduced elec-
tromagnetic interference (EMI) compared with a two-level
inverter [2]. However, switching losses are a major factor in
an MLI-based DSTATCOM.

To reduce power loss in the inverter, circuits with re-
duced power electronic components are preferred [3].

Among those reduced power electronic component-based
topologies, T-type inverters also known as neutral point
piloted (NPP) inverters are popular. T-type inverters have
lower conduction losses at medium switching frequency
ranges. Power loss is a combination of switching losses and
conduction losses. Switching losses depends on switching
frequency and conduction losses mainly depend on mod-
ulation index and power factor, but the advantage of the T-
type inverter has a small conducting path and less number of
switches and no clamping diodes; these all effects reduce the
power loss when compared with two-level VSI [4]. Si IGBTs
are replaced with SiC MOSFETs in T-type inverters because
of the low switching loss of MOSFET which will improve the
efficiency and power density [5]. Extended T-type con-
struction is used in boost converter to improve the efficiency
of the inverter circuit, in general, T-type inverters have step-
down voltage performance, the output of T-type inverter is
connected to boost converter to improve grid peak to peak
voltage, and diodes are replaced with SiC MOSFET to get
bidirectional output. Mainly T-type is used to connect low
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voltage sources to a three-phase grid having a lower number
of passive components [6]. Based on the histogram pattern
method used to detect the faults in T-type inverters for grid-
connected systems because of low computational problems,
based on inverter output voltage pattern analysis, an open
switch fault will be diagnosed. Here, the algorithm is used at
pattern mass centers to detect the inverter output; to im-
plement this algorithm inverter voltage does not depend on
load parameters; this easily identifies the open switch faults
in T-type [7]. T-type is preferred over diode clamped voltage
source inverter for reducing the converter’s switching losses
and thus makes the converter best suitable for high switching
frequency applications as compared to diode versions. It can
be able to balance the neutral point voltage and reduce the
leakage current to a minimal level. These arrangements are
able to produce better stabilized during load disturbance
conditions with low total harmonic distortion. They are
better suitable for sudden load variant applications, which
reduce the voltage stress and allow for the implementation of
higher efficiency power switches on the dc side [8].

To control the inverter, multiple controllers are present
[9, 10] in this particular paper focusing on the conventional
PI controller and sliding mode controller (SMC). In a three-
phase four-wire system, a neutral point current analysis is
very important for a three-level T-type inverter [11]; if the
neutral current is not balanced which will affect the neutral
potential, indirectly supply current may have an effect, here
by using nonlinear sliding mode controller neutral current
compensation provided. There are two major benefits of
SMC. The first one is improvement in the dynamic per-
formance of the system by the precise selection of sliding
function. Secondly, the response of the system becomes
entirely unaffected by specific uncertainties. This principle
ranges to system parameter uncertainties, nonlinearity, and
disturbance which are bounded. From a real-time point of
view, SMC permits for control of nonlinear closed-loop
systems under exterior disturbances and heavy system un-
certainties. In general, in SMC, the Lyapunov stability
method is applied to keep the nonlinear system under
control [12]. Generally, SMC is used to generate reference
magnitudes of supply currents as proposed in [13]; however,
in this paper, an SMC is proposed to control the unbalance
in dc voltage of a three-level NPP-based DSTATCOM.

This paper focuses on different types of controllers like
PI controller and SM controller for T-type and diode
clamped inverters having three-phase four-wire arrange-
ments. Section 2 explains three-phase four-wire DSTAT-
COM with T-type topology, Section 3 gives comparisons of
NPC, ANPC, and NPP (T-type) in terms of efficiency and
power loss, Section 4 discusses reference current generation
with PT and SM controllers, and Sections 4 and 5 discuss the
simulation and experimental results.

2. A Three-Level Neutral Point Piloted Inverter-
Based DSTATCOM

The neutral point piloted (NPP) or Mixed Voltage Neutral
Point clamped (MNPC) or T-type topology-based three-
phase four-wire (3P4W) DSTATCOM is shown in Figure 1
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[14, 15]. The DSTATCOM is connected at the point of
common coupling (PCC). It consists of a conventional half-
bridge with a bidirectional switch which clamps the output
to the DC middle point, respectively, ground to achieve zero
voltage. Discrete semiconductor devices are incorporated to
construct a switch with bidirectional voltage blocking and
current-conducting capability or a reverse blocking in-
sulated gate bipolar transistor (RBIGBT) is used [14].
Compared to the other topologies, the lowest number of
semiconductors is required. The designation Mixed Voltage
NPC illustrates that the used semiconductors must be rated
for two different blocking voltages.

The outer devices (S;, and S,,) have to block the full dc-
link voltage (V) while the inner devices (S, and Sy;,) have
to block only half of the dc-link voltage. A phase-leg of
a three-level NPP consists of only 8 semiconductors: 4 IGBTs
(S1a — S,a) and 4 antiparallel free-wheeling diodes (D;, —
D,,). Similar to three-level NPC, the NPP is connected to the
split dc-link at DC+, N, and DC—. The midpoint of S; and S,
provides the AC output. The three switching states of this
inverter are given in Table 1. This topological configuration
produces lower conduction losses and blocking voltages
compared to DCMLI and ANPC. This topology is reported
for various PV and grid-connected applications [15]. Fault-
tolerant strategies and reconfiguration of this inverter for
OC switch faults are also reported in [15]. This topology does
not possess switching redundancies, operates with unequal
device blocking voltages, does not facilitate uniform power
distribution, and mandatorily requires dc voltage ratios to be
symmetrical. However, the charge balance among the dc-
link voltages can be obtained by equalizing the rate of charge
over a fundamental cycle [16] or by involving modulation
techniques such as space vector modulation (SVM).

3. Power Loss Calculation in Three-Level
Neutral Point Piloted Inverter

During the active state (P and N) outer IGBTs Sy, or S, will
carry the current, whereas the current passes through inner
IGBTs S,” and S,” during the zero state. The outer switches
Sia and S,, commutate in hard switching conditions. The
turn-off losses during a passage from a zero state to an active
state must be considered, but the turn-on losses at the
beginning of a zero state can be neglected, as well as the low-
frequency switching losses of the inner IGBTs. All the above
considerations yield the total power loss over a grid voltage
period. The power losses of the eight semiconductors in 3-
level ANPC topology are different from those of 3-level NPC
and can be calculated as follows:

P Vce*lavg+Rce*IlleS' (1)

cond —

When S, or S,, in conduction,

Ly = 5 i - * ,[¢ (I,,,sin (wt — @) * Msin (wt)) * dwt,  (2)

Ipums = \/i L) (I,,sin (wt — ¢))* * Msin (wt) * dot.  (3)
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Integrating equation (2) and equation (3) and
substituting in equation (1), we get equation (4):

P.ng = m(?a * V% [(m— @) *cosp +sing] + 2+ R, 1% [1+ cos<p]2), (4)
I Vv, (1
P, =Fg % (Ey, + Eqg) * ?ef * V. * {E(l + cos<p)2}. (5)
When S, in conduction,
1 s T+
Ly = 5, _ [J (I,sin (wt — ¢)dwt) + J ((I,,sin (wt — @)) * (1 + Msin(wt))) * dwt], (6)
4 T
1 /1 2 T+ )
Tpus = > [J (I,sin(wt — ¢))” * dwt + J ((I,sin(wt — ¢))” * (1 + M sin(wt)) * dwt]. (7)
4 4
Integrating equation (6) and equation (7) and
substituting in equation (1), we get equation (8):
Poond = T {Vf [12 + 6 M (¢cosg — sing) — 3Mmcosp] + RCEI[37T - 4M[1 + cosqoz)]}, (8)
I Vv, (1
Psw = st * (Eon + Eoff) * m * Vref * {Z {(1 - COS(P)}}' (9)
When D, in conduction,
1 b4 T+
g =3 [J- (I,sin (wt — @) (1 — Msin (wt))dwt) + J ((Iysin (wt — 9)) (1 + Msin(a)t)))dwt], (10)
9 i1
1 T . 2 . s . 2 .
Tnus = > J (I,sin(wt — ¢))” (1 — Msin (wt))dwt + J ((Imsm(wt -@) (1+ Msm(wt)))dwt ) (11)
4 1
Integrating equation (10) and equation (11) and
substituting in equation (1), then, equation (12) is obtained:
. 2
Pond = Tn {Vf [12 + 3M (2¢cosg — 2sing) — 3Mmcosp] + RfI[3ﬂ - 4M[1 + cosp )]}, (12)
P_=F_x*E *M*Vf *{i{(1+cos )}} (13)
sw T T osw rec Ji \ 277 (P .

ref ref

When D, and D,, in conduction,
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FIGURE 1: A three-phase four-wire three-level neutral point piloted-based DSTATCOM.

TaBLE 1: Switching sequence of 3L-NPP.

Generation of level Switching state Sia S, S, Ssa Output voltage

+ Vdc/ 2
0
—Vacl2

P On Off On off +1
O Off On On Off 0
N Off On Off On -1

450 -

400 -

350 -

300 -

250 -

200 -

150 -

100 -

50 -

Sla Dla S2a D2a Sa'and Sa" Da'and Da"

M Conduction losses (W)
M Switching losses (W)
M Total losses (W)

Devices Sia D, Ssa D,, S,/and S,” D,'and D"
Conduction losses (W) 36 39 36 39 243 249
Switching losses (W) 78 35 78 35 155 27
Total losses (W) 114 74 114 74 398 276

FIGURE 2: Power losses of different switches in three-level NPP T-type MLI.
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TaBLE 2: Parameters used for simulation study of 3P4W NPP T-type DSTATCOM.

Parameters Values

AC line voltage Three-phase, four-wire, 415V, 50 Hz

Line impedance Rs=0.01Q, Ls=1mH

DC bus voltage of 3P4W DSTATCOM 350V (for each capacitor)

DC bus capacitance of 3P4W o .
DSTATCOM 2200 uF (for each capacitor in the H-bridge cell)

DSTATCOM coupling inductor Lc=4.8mH
PWM switching frequency for 3P4W 5 kHz
DSTATCOM (f,,)
Three-phase controlled rectifier, Ry, =30, L;. =10 mH, firing angle =20°, commutation
inductance = 1.5 mH; single-phase universal rectifier connected between the b-phase and the
Load neutral, Ry, =5Q, L;=50mH, commutation inductance = 1.5 mH; single-phase universal
diode rectifier connected between the ¢ phase and the neutral, R;.=5Q, L; =50 mH,
commutation inductance = 1.5 mH
Sampling time T,="5e-6s.

NPC Vs NPP Vs ANPC

99.80 -

99.60 -

99.40 -

99.20 -

EFFICIENCY (%)

99.00 -

98.80 -

98.60
LOAD (P.U)

0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9 1

—@— EFFICIENCY (%) NPC 99.65 | 99.57 | 99.40 | 99.31 | 99.24 | 99.20 | 99.15 [ 99.12 [ 99.10 | 99.08 | 99.05 | 99.01

—@— EFFICIENCY (%) NPP 99.48 | 99.47 | 99.44 | 99.42 | 99.40 | 99.38 | 99.36 | 99.34 | 99.34 | 99.33 | 99.31 | 99.30

EFFICIENCY (%) ANPC [ 99.64 | 99.57 | 99.40 | 99.30 | 99.24 | 99.20 | 99.15 [ 99.12 | 99.10 | 99.08 | 99.05 | 99.01

—e— EFFICIENCY (%) NPC
—e— EFFICIENCY (%) NPP
EFFICIENCY (%) ANPC

FIGURE 3: Power losses of different switches in three-level NPP T-type MLI under different loading conditions.

1 ¢ M=
avg = * “ (I,,,sin (wt — @) * Msin (wt)) * dwt], Peond = R {3 # V¢ % [ * cosp + sing]
2% 0 127 (16)
(14) ,
+2% Ry I [1 - cosg] },
17(?
Toms = \[=— H (I, sin(wt — (p))2 * Msin (wt) * dwt]. (0.451 + 0.55)
2mllo Psw:st*Erec*'Iil
(15) L0 o (17)
Integrating equation (14) and equation (15) and * m * {5 {(1-cos 90)}}'

substituting in equation (1), then we get equation (16):
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F1GURE 4: The efficiency of NPP with change in PWM switching frequency.
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FiGure 5: Sliding mode controller with pq theory.

3.1. Losses Comparison. In this section, a loss comparison
between the NPP topology NPC and ANPC has been done,
and NPP has less losses compared to the other two topol-
ogies. The following section gives the information for
conduction and switching and total losses for NPP, NPC,
and ANPC.

Figure 2 depicts the conduction and switching losses in
each IGBT and its antiparallel diode in the NPP inverter. For
the calculation of the losses, a neutral point piloted (T-type)
multilevel inverter is simulated in the MATLAB/SIMULINK
environment with the PLECS toolbox. For NPP Topology
Fuji, 1MBI2400VAC-120P and 2MBI1800XXF170-50
modules are used. The load conditions are given in Table 2 of
the revised manuscript. In the case of NPC topology, the
losses across the inner switches S,” and S,” are more
compared to outer switches in the compensator mode of
operation. The antiparallel diodes across S,” and S,” are
denoted with D,” and D,”. In the case of NPP topology, the
losses across inner switches S, and S,” are more compared to
outer switches in the compensator mode of operation.

3.2. Efficiency Comparison. In this section, an efficiency
comparison between the NPP topology NPC and ANPC has
been done, with NPP having good efficiency compared to the

other two topologies. The following section gives the in-
formation on efficiencies between NPP, NPC, and ANPC.
The efficiency comparison between the NPC, NPP, and
ANPC topologies with respect to different loading conditions
is shown in Figure 3. The efficiency of NPC and ANPC is the
same. The efficiency of NPP topology is higher than NPC and
ANPC. The efficiency of NPP with change in switching
frequency is shown in Figure 4. As the switching frequency
increases, a slight reduction in efficiency is observed.

4. A Sliding Mode Controller for DSTATCOM

4.1. Sliding Mode Controller. Here, reference signals and
DSTATCOM currents are given as inputs of the error de-
tector; the detector output connected to the sliding mode
controller based on the difference value reference signals will
generate to turn on the IGBT of the inverter circuit. SMC is
used in the current control loop to get a fast approach [17]; it
is also used to minimize supply current harmonics by
controlling power factor under constant switching fre-
quency of operation; under system parameters variations,
also it will give good performance [18]. This is also helpful to
decrease phase-shifting problems at broad bandwidth, but
high-frequency switching application switches may have
a drawback of SMC which is chattering noise; this can be
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FiGURE 6: Performance of three-level NPP-based DSTATCOM with PI controller.

overcome by placing sigmoid function instead of sign
function [19]. SMC has a vital role in enhancing the power
quality by decreasing THDs in source current basically used
to generate reference signals for PWM inputs [20]; this
controller helps to control the dc bus voltage in shunt active
power filter to calculate reference currents by using self-
tuning filters [21]. An adaptive sliding mode controller is
used to calculate the real and reactive powers of the system,
also applicable for renewable energy systems and PV systems
[22]. Using sliding mode theory simple form of the control
action is a relay function which is given by

s(x) = k.sign(s(x)),

(18)
s(x) = k.tanh (s(x)).

To generate gating pulses, the controller plays a vital role.
This particular paper focuses on two controllers named
proportional and integral controller and sliding mode
controller. Out of these two controllers, the sliding mode
controller is having more advantages and features:

(i) Increase the system robustness

(ii) Parameter insensitivity

Dc voltages of two capacitors

400

200

Volts

0.1 0.15 0.2 0.25 35

Sum of two capacitors
800
600
400
200

oL I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3

Volts

0.35

Figure 7: DC-link capacitor voltages in three-level NPP-based
DSTATCOM with PI controller.

(iii) Realization simplicity
(iv) Stability under variations and external disturbance
For reference current generation, the authors used

Akagi’s instantaneous reactive power theory (PQ theory). It
works in the time domain and is applicable for three-phase
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FIGUure 8: Harmonic spectra of load currents and compensated source currents with PI controller. (a) Phase a load current harmonic
spectrum. (b) Phase b load current harmonic spectrum. (c) Phase ¢ load current harmonic spectrum. (d) Phase a source current harmonic
spectrum with PI controller. (e) Phase b source current harmonic spectrum with the PI controller. (f) Phase ¢ source current harmonic
spectrum with the PI controller.

three-wire systems and three-of-phase four-wire systems
and also it is effective for steady-state and transient state
applications. It transforms initially abc to affo coordinates:
Clarke transformation (see Figure5).

1 1 7
V2 V2 2

-1 -1

2 2

0

V3 -3
2 2

Next instantaneous load currents are

Vsr
Vsy (19)

Vsb

(L 11
2 42 42
10 V22 Y Ilr
2 -1 -1
Ia|= () 1 — — || (20)
3 2 2 |7
1B 1ib
V3 -3
0 -~
L 2 2

Instantaneous powers are P, Q, and P0. PO is the in-
stantaneous zero-sequence power:

PO Vo 0 0 1[I0
Pl=|0 Va VB ||Ia (21)
Q 0 VB -VallIp

Power in three phases can be written as
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FiGURE 9: Performance of three-level NPP-based DSTATCOM with SMC controller.
P30 =Vala + Vﬁ[ﬂ +VO0I0 = PO + P. (22)

4.2. DC Capacitor Selection. The selection of capacitance
depends mainly on the Unit Capacitance Constant (UCC)
[23], which is the ratio between the power conversion ca-
pacity of the inverter circuit measured in watts and energy
stored in the capacitor measured in joules:

1. V3
UCC = Cacy de,
“Q’

Power conversion capacity of the inverter

Q=

Number of phase in the inverter * Number of capacitors

(23)

Considering V. =350V, the number of capacitors (N) =
2 and UCC =35 ms (for a ripple voltage in the range of 10%)
and with a power conversion capacity of 25kVA of the
inverter C,. calculated as 2400 uF.

For optimum performance of DSTATCOM, the value of
reference dc voltage must be carefully selected. Since the
DSTATCOM injects maximum reactive power at
Ve =2V,, from the power flow between DSTATCOM and
PCC. However, for optimum selection of switching devices,
a factor of 1.6 to 1.7 times the PCC voltage is used. In this
paper, 1.7 is used. From this, for a 415V supply, a dc link of
700V is chosen, which will be equally shared between two
capacitors. To balance the capacitor voltages, two sliding
mode controllers (SMCs) are used. One SMC controls the
sum of dc-link voltages to its reference value and the other
SMC controls the difference of two capacitor voltages to

Volts &Amps

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time

Figure 10: PCC voltage and source current of phase a.

zero. This ensures the tight control of capacitor voltages
under all loading conditions.

4.3. Coupling Inductor Selection. The requirement of the
coupling inductor is to filter out the harmonics produced by
the converter and inverter circuits. This is the most im-
portant component to determine the performance of
DSTATCOM. Inductance selection especially depends on
the switching frequency of the converter and current ripple.

B \3MaV¢
C 12af.I,
To control the converter, the PWM method used

switching frequency depending on this, by using Carrier
frequency switching frequency calculated:

(24)



10

International Transactions on Electrical Energy Systems

Voltages of two capacitors

400 T T T

200 f
0 L L ! L L !
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Volts
Sum of two capacitors
800 T \ \ T \ \

00 - e T

400

Volts

200

0 | | |

0 0.05 0.1 0.15

0.2 0.25 0.3 0.35

FIGURE 11: DC-link capacitor voltages in three-level NPP-based DSTATCOM with SMC controller.
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(ii) phase-b source current harmonic spectrum with SMC
controller

Fundamental (50 Hz) = 44.88, THD= 2.36%
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(iii) phase-c source current harmonic spectrum with
SMC controller

Ficure 12: Harmonic spectra of compensated source currents with the SMC controller. (a) Phase a source current harmonic spectrum with
the SMC controller. (b) Phase b source current harmonic spectrum with SMC controller. (c) Phase ¢ source current harmonic spectrum with

the SMC controller.

fo=Nfe. (25)

Peak to peak current ripple can be 5% of current value,
ie., 1.75A-rms, switching frequency is 10kHz, phase to
neutral voltage is 700, overload factor “a” is 1.2, and then the
calculated inductance is 4.8 mH.

5. Simulation Results of NPP-Based
DSTATCOM with PI and SMC

The simulation waveforms of 3P4W NPP along with load
and source harmonic spectra with unbalanced nonlinear
loads below waveforms explain source voltages, source phase
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TaBLE 3: The performance of DSTATCOM under different loading conditions.

Load side Source side
Load power currents Load side (%) THD Source power currents Source side (%) THD
Load (%)
factor (rms, A) factor (rms, A)
I, Ip I, aphase b phase ¢ phase I, I, L. aphase bphase c phase
0.8 lagging 40 60 20 21.7 26.26 28.23 Unity 45 45 43 2.28 2.5 3.02
100 0.5 lagging 30 50 10 27.7 31.27 29.03 Unity 36 37 375 2.93 3.8 4.15
0.3 lagging 22 48 8 31.85 33.86 29.43 Unity 33 34 35 3.41 5.2 4.75
0.8 lagging 25 37 13 22.3 28.62 29.28 Unity 26 25 25 3.13 3.7 4.01
60 0.5 lagging 20 32 10 27.7 31.27 30.67 Unity 20 21 22 3.79 4.5 4.53
0.3 lagging 18 29 8 32.58 35.80 29.56 Unity 17 18 17 4.40 5.4 6.15
0.8 lagging 13 19 8 23.9 26.26 28.23 Unity 14 12 14 3.43 3.9 4.02
30 0.5 lagging 11 17 6 29.2 33.26 31.30 Unity 11 10 11 3.99 4.8 4.65
0.3 lagging 9 14 5 34.82 39.23 34.43 Unity 9 8 9 4.46 5.8 6.35
Tek il @ Stop M Pos: 18.00 m Tek Al @ Stop M Pos: 18.00 m.
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FIGURE 13: The performance of DSTATCOM for an RL-load on the dc side of a phase-controlled rectifier with PI and SMC. (a) with a 50%
reduction in load current. (b) With a 50% increase in load current.
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FIGURE 14: Experimental results of capacitor voltages of NPP-based DSTATCOM. (a) with PL (b) with SMC.
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FIGURe 15: Switching-in response of SMC-based 3P4W DSTATCOM. (a) phase a waveforms, (b) phase b waveforms, and (c) phase ¢

waveforms.

currents, three-phase load currents, filter currents, load
neutral currents, and source neutral currents. In order to
study the performance of 3P4W NPP T-type MLI-based
DSTATCOM, the following things are (see Figure 6) con-
sidered for simulation studies.

(i) Before the start of simulation studies, the circuit
breaker is open at that point; DSTATCOM is not
connected to the system

(ii) At t=0.06s, the breaker is closed and 3P4W
DSTATCOM is connected to the system

5.1. Following Observations are Made from Figures of PI
Controller

(1) Before compensation, three-phase load current
(rms) values are 41.1 A, 62.3 A, and 18.3 A, and their
corresponding (%) THD values are 21.70%, 26.26%,
and 28.23% for phase a, phase b, and phase c, re-
spectively, as shown in Figure 6.

(2) The load neutral current and its (%) THD values are

45.0 A-rms and 38.73%, respectively, as shown in
Figure 6.

(3) At t=0.06sec, when breakers on 3P4W DSTAT-

COM are acting as compensators (switch S closed),
the source neutral current is reduced from
50.0 A-rms to 4.18 A-rms only. Thus, the DSTAT-
COM with PI is the source neutral current to a large
extent. Therefore, after compensation with 3P4W
DSTATCOM, the source phase currents may be-
come sinusoidal but unbalance in their magnitudes
still exists. The observed source phase current (%)
THD values are 5.38%, 4.77%, and 5.33% for phase a,
phase b, and phase ¢, respectively, of source phase
currents reduced to a large extent but they have small
amounts of lower-order harmonic currents.

(4) At t=0.06s, when the single-phase DSTATCOM is

switched on, the compensator almost completely
eliminates the source neutral current, and the source
phase currents become almost balanced (46.7 A, 46.8
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FIGURE 16: Source neutral current of 3P4W DSTATCOM with PI and SMC controller. (a) with PI. (b) with SMC.
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FIGUure 17: Harmonic spectra of source currents (phase a) with PI and SMC-based DSTATCOM. (a) with PIL (b) with SMC.

A, and 47.3 A-rms for phase a, phase b, and phase c,
respectively) and in phase with their respective
voltage waveforms, which ensures the compensation
of load reactive power.

(5) The dc-link voltages of NPP are shown in Figure 7
consisting of a small amount of ripple which may
deviate from the performance of DSTATCOM.

5.2. Performance of DSTATCOM SMC Controller

(1) Before compensation, three-phase load current rms
values are 41.1 A, 62.3 A, and 18.3 A, and their
corresponding (%) THD values are 21.70%, 26.26%,
and 28.33% for phase a, phase b, and phase c, re-
spectively, as shown in Figure 9.

(2) The load neutral current and its (%) THD values are
45.0 A-rms and 38.73%, respectively.

(3) At t=0.06sec, when the breaker on 3P4W
DSTATCOM is acting as a compensator (switch S
closed), the source neutral current is reduced from
50.0 A-rms to 3.25A-rms only. Thus, the DSTAT-
COM with SMC of the source neutral current is
reduced to a large extent. Therefore, after compen-
sation with 3P4W DSTATCOM, the source phase
currents may become sinusoidal but unbalance in
their magnitudes still exists.

(4) In Figure 10, PCC voltages along with source cur-
rents are shown, where both waveforms are in-phase
and the source current is sinusoidal. This indicates
the complete compensation of load reactive power.

(5) The dc-link voltages of NPP are shown in Figure 11
consisting of a very small amount of ripple compared

to Figure 7, which improved the performance of
DSTATCOM.
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TaBLE 4: Cost comparison of 3P4W NPC, ANPC, and NPP-based DSTATCOMs.
Configuration NPC ANPC NPP (T-type)

IGBT semipack switch (SKM300GB12T4, 1200V, and 50 A)
DC capacitors with voltage sensor (4700 yF/450 V)
B43743A5478M000

Heat sink cost (KL-2855, P3/300 mm)

Skyper board (SKHI 10/12R, 1200V and 8 A)

Snubber capacitor (MP-4 1F/1200V dc H1 AD)

Coupling inductors (3 mH, 10 A)

Clamping diodes (IXYS 1.2kv, 109 A, 1.55V, 60ns, 600 A)
Total cost (INR) (as on May 2022)

4462 * 4 x 3=53544
7288 * 2=14,576

4462 * 6 * 3=80316
7288 % 2=14,576
4000

4462 * 4 x 3=53544
7288 x 2=14,576

3000 3000

9600 * 4 * 3=1,15,200 9600 * 6 * 3=1,72,800 9600 * 3 * 3 =86,400
400 * 4 = 3=4,800
2400 * 3=7,200
6 * 465=2790

400 * 6 * 3=7,200
2400 * 3=7,200
18 * 465=28370

2,94,462

400 * 4 * 3=4,800
2400 * 3=7,200
Not required

2,01,110 1,69,520

TaBLE 5: Comparison between NPP-based DSTATCOM with two-level capacitor midpoint and four-leg topologies.

Active filter topology NPP (three-level)

Capacitor midpoint (two-level) Four-leg APF (two-level)

Number of switching

. 12
devices
Number of capacitors 2
D

C Yoltage sensor Two
requirement
DC-side voltage
(V; =line-to-line >42V,
voltage)
Need of coupling Not necessary
transformer
Control over neutral .
Indirect

current

Reduced dc voltage requirement. high

Main advantage voltage capability, improved

performance

Main disadvantage Capacitor unbalance problem due to

Application and
topology selection

Suitable for high voltage, medium to
high-power Applications

Reduced number of switching devices

Capacitor unbalance problem due to

voltage difference across two capacitors

6 8
2 1
Two One
212V, >v2/0.87V,
Necessary Necessary
Indirect Direct (using 4th leg)

Better controllability than
capacitor midpoint

Additional control circuit

| iffe
voltage difference across two for 4 leg

capacitors
Suitable for low-power

Suitable for low-power applications applications

(6) The observed source phase current (%) THD values
are 2.24%, 2.24%, and 2.36% for phase a, phase b, and
phase ¢, respectively, as shown in Figure 12. With
SMC, source phase currents are reduced to a large
extent but they have small amounts of zero-sequence
harmonic currents.

The performance of DSTATCOM under different
loading conditions is shown in Table 3. From this table, it is
observed that under all loading conditions the proposed
DSTATCOM compensated the load current harmonics and
achieved a unity power factor.

6. Experimental Results of NPP-Based
DSTATCOM with PI and SMC

In this experimental study, the developed prototype inverter
has been used as a DSTATCOM to verify the viability and
effectiveness of the NPP-based DSTATCOM for harmonic
elimination and reactive compensation. The DSTATCOM is
connected to the PCC with a series of connected coupling
inductors in each output phase of the inverter. The PQ

theory-based controller of the DSTATCOM has been
implemented in dSPACE. To verify the viability and effec-
tiveness of the NPP-based DSTATCOM for harmonic
elimination and reactive compensation, experimental in-
vestigations have been conducted with nonlinear/reactive
loads.

6.1. Performance under Balanced Load Condition. The per-
formance of the compensator with normal voltage condi-
tions is presented in this section. Figure 13 (a)shows the
experimental results of source voltage, source current after
compensation, load current, and compensating currents for
phase a with PI and SMC control techniques with a 50%
reduction in the load current under normal source voltage
conditions, while Figure 13(b) shows these results with 50%
increase in load current.

In Figure 13(a), the load current rms value has been
decreased from 3.3 A to 1.7 A and the corresponding change
in the source current is from 2.9 A to 1.5 Ain PTand 2.8 A to
1.4 A in the SMC control technique, respectively. It is also
observed that the change in source current is very smooth in
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SMC when compared to the Pl-based controller. In
Figure 13(b), the load current rms value has been increased
from 1.7 A to 3.3 A and the corresponding change in the
source current is from 1.5At02.9 AinPland 1.4 Ato 2.8 A
in the SMC control technique, respectively. In this case, also
the observed change in source current is very smooth in
SMC when compared to PI, which ensured the fast dynamic
response of the controller.

Figure 14 shows the experimental results of dc capacitor
voltages with PT and SMC control methods of a 50% increase
in the load current. In both cases, at the instant when load
current increases, the dc capacitor voltage drops from its
reference value to accommodate the enhancement in the
load current. These drop-in capacitor voltages are restored in
2-3 cycles in the PI-based technique but with an SMC-based
controller; the drop-in capacitor voltages are restored in 1-2
cycles only, which demonstrates its superior dynamic re-
sponse. It is further observed that the inclusion of a sliding
mode controller in DSTATCOM control will reduce the
voltage ripples in dc-link capacitor voltages when compared
with the conventional PI controller. This helps in mini-
mizing the source current overshoots during transients and
harmonics.

6.2. Performance of SMC under Unbalanced Load Condition.
The source voltage, source current after compensation, load
current, and compensating currents before and after com-
pensation with 3P4W DSTATCOM for phases g, b and c are
shown in Figures 15(a)-15(c), respectively. In these figures,
the different waveforms are identified as source voltage,
source current after compensation, load current, and
compensating current injected by DSTATCOM. It is ob-
served that at the instant when 3P4W DSTATCOM is
switched “ON”, the source currents become balanced and
sinusoidal and in phase with their respective voltage
waveforms. From Figure 16, it is observed that at the instant
when 3P4W DSTATCOM is switched “ON”, the source
currents become balanced and sinusoidal and in phase with
their respective voltage waveforms. The THDs of the
compensated source currents are 2.17%, 2.6%, and 3.0%,
respectively, which are well within the limits of
IEEE-519-1992 standard recommended value of 5%. The
source displacement and power factor after compensation
are almost unity. The experimental results are observed to be
in good agreement with the simulation results.

Figure 16 shows the neutral current before and after
compensation with DSTATCOM. The results are shown for
PI and SMC-based controllers. From Figure 16, is observed
that in the source neutral current when DSTATCOM is ON,
with PI controller, a small value of neutral current still exists
but with SMC the source neutral current is almost zero.

The harmonic spectra of source currents with PI and
SMC control are shown in Figure 17. From this figure, it is
observed that lower-order harmonics are still present in
conventional PI-controlled DSTATCOM. However, with
the adoption of SMC in DSTATCOM control, the lower
order harmonics are reduced, and (%) THD value is 2.17%,
which is well within the limits of recommended value.

15

7. Cost Comparison

Table 4 gives the cost comparison among the NPC, ANPC,
and NPP-based DSTATCOM  topologies. NPP-based
DSTATCOM has less cost when compared to ANPC and
NPC. This is due to the fact that to realize an NPP topology
only four switching devices per phase are required. In NPC,
four switching devices plus two clamping diodes are re-
quired per phase, and in comparison with ANPC, six
switching devices are required per phase. Furthermore, in
NPP topology, the bidirectional clamping switches are re-
alized with a common emitter antiseries connection of two
switching devices, which requires only one gate driver circuit
which further reduces the cost of the topology. Table 4 gives
the cost comparison of 3P4W NPC, ANPC, and NPP-based
DSTATCOMs. From this table, it is observed that NPP-
based topology is much cheaper when compared to the other
two. On the other hand, two-level capacitor midpoint and
four-leg topologies are popular for the compensation of
neutral current and load balancing. Therefore, a comparison
between NPP-based DSTATCOM with two-level capacitor
midpoint and four-leg topologies is given in Table 5.

8. Conclusion

In this paper, a sliding mode controller is proposed for
3P4W NPP-based DSTATCOM. Mathematical equations
are provided to determine the losses and efficiency of the
three-level NPP topology. When compared to conventional
NPC and ANPC, this NPP requires the least number of
semiconductor devices and has low switching losses and
high efficiency. The cost of NPP-based DSTATCOM is less
when compared to its counterpart inverter topologies NPC
and ANPC. The performance of the proposed SMC-based
controller is smooth when compared to PI in compensating
load current harmonics and balancing capacitor voltages.
The experimental results are in corroborate with simulation
results.

Nomenclature

NPC:  Neutral point clamped
ANPC: Active neutral point clamped
NPP:  Neutral point piloted
MNPC: Mixed neutral point clamped
M: Modulation index

Cos ¢: Power factor

P.na:  Conduction losses

P, Switching losses

Veert: Forward voltage drop

Reet: Forward resistance

E,.: Turn-on energy

Eog: Turn-off energy

E.. Reverse recovery energy

Fou: Switching frequency

Leg: Reference or nominal current
Vet Reference or nominal voltage

Ve Operating voltage.



16

Data Availability

No data were used to support this study.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

(1]

(10]

(11]

T. Adrikowski, D. Bula, and M. Pasko, “Three-phase active
power filter with T-NPC type inverter,” in Proceedings of the
2018 Progress in Applied Electrical Engineering (PAEE),
Koscielisko, Poland, June 2018.

N. Altin, I. Sefa, H. Komurcugil, and S. Ozdemir, “Three-
phase three-level T-type grid-connected inverter with reduced
number of switches,” in Proceedings of the 2018 6th In-
ternational Istanbul Smart Grids and Cities Congress and Fair
(ICSG), Istanbul, Turkey, April 2018.

H. P. Vemuganti, D. Sreenivasarao, S. K. Ganjikunta,
H. M. Suryawanshi, and H. Abu-Rub, “A survey on reduced
switch count multilevel inverters,” IEEE Open Journal of the
Industrial Electronics Society, vol. 2, pp. 80-111, 2021.

K. Lee, H. Shin, and J. Choi, “Comparative analysis of power
losses for 3-level NPC and T-type inverter modules,” in
Proceedings of the 2015 IEEE International Telecommunica-
tions Energy Conference (INTELEC), Osaka, Japan, October
2015.

H. Peng, Z. Yuan, B. Narayanasamy, X. Zhao, A. Deshpande,
and F. Luo, “Comprehensive analysis of three-phase three-
level T-type neutral-point-clamped inverter with hybrid
switch combination,” in Proceedings of the 2019 IEEE 10th
International Symposium on Power Electronics for Distributed
Generation Systems (PEDG), Xi’an, China, June 2019.

J. Rabkowski, S. Piasecki, and R. Kopacz, “An extended T-type
(eT) inverter based on SiC power devices,” in Proceedings of
the 2018 20th European Conference on Power Electronics and
Applications (EPE’18 ECCE Europe), Riga, Latvia, September
2018.

V. F. Pires, D. Foito, and T. G. Amaral, “Fault detection and
diagnosis in a PV grid-connected T-type three level inverter,”
in Proceedings of the 2015 International Conference on Re-
newable Energy Research and Applications (ICRERA), 1EEE,
Palermo, Italy, November 2015.

Z. Zhang, A. Anthon, and M. A. E. Andersen, “Compre-
hensive loss evaluation of neutral-point-clamped (NPC) and
T-type three-level inverters based on a circuit level decoupling
modulation,” in Proceedings of the 2014 International Power
Electronics and Application Conference and Exposition,
Shanghai, China, November 2014.

P. Zhou, Q. Chen, G. Li, and C. Hu, “Power losses in T-type
and NPC inverters with SHEPWM strategy,” in Proceedings of
the 2017 12th IEEE Conference on Industrial Electronics and
Applications (ICIEA), Siem Reap, Cambodia, June 2017.

T. Lee, Y. Tsai, and T. Wu, “Balancing control of neutral-point
voltage for MVPWM-controlled three-level T-type inverter,”
in Proceedings of the 2018 IEEE Energy Conversion Congress
and Exposition (ECCE), Portland, OR, USA, September 2018.
T. Lee, T. Wu, and B. Chuang, “A modulation strategy for
neutral-point voltage ripple reduction in a three-level T-type
inverter,” in Proceedings of the 2019 IEEE 4th International
Future Energy Electronics Conference (IFEEC), Singapore,
November 2019.

(12]

(13]

(14]

(15]

(16]

(17]

(18

(19]

(20]

(21]

(22]

(23]

International Transactions on Electrical Energy Systems

P. Sekhar and S. Mishra, “Sliding mode based feedback lin-
earizing controller for grid connected multiple fuel cells
scenario,” International Journal of Electrical Power & Energy
Systems, vol. 60, pp. 190-202, 2014.

B. Singh, K. Al-Haddad, and A. Chandra, “Active power filter
with sliding mode control,” IEE Proceedings - Generation,
Transmission and Distribution, vol. 144, no. 6, p. 564, 1997.
M. Schweizer and J. W. Kolar, “Design and implementation of
a highly efficient three-level T-type converter for low-voltage
applications,” IEEE Transactions on Power Electronics, vol. 28,
no. 2, pp. 899-907, 2013.

U. M. Choi, F. Blaabjerg, and K. B. Lee, “Reliability im-
provement of a T-type three-level inverter with fault-tolerant
control strategy,” IEEE Transactions on Power Electronics,
vol. 30, no. 5, pp. 2660-2673, 2015.

P. J. Grbovic, F. Gruson, N. Idir, and P. L. Moigne, “Turn-on
performance of reverse blocking IGBT (RB IGBT) and op-
timization using advanced gate driver,” IEEE Transactions on
Power Electronics, vol. 25, no. 4, pp. 970-980, 2010.

B.-R. Lin, S.-C. Tsay, and M.-S. Liao, “Integrated power factor
compensator based on sliding mode controller,” IEE Pro-
ceedings - Electric Power Applications, vol. 148, no. 3, p. 237,
2001.

F. Sebaaly, H. Vahedi, H. Y. Kanaan, N. Moubayed, and K. Al-
Haddad, “Sliding mode fixed frequency current controller
design for grid-connected NPC inverter,” IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 4, no. 4,
pp. 1397-1405, 2016.

M. A. E. Alali, Y. B. Shtessel, and J. Barbot, “Control of grid-
connected shunt active/LCL filter:continuous sliding mode
control approach,” in Proceedings of the 2018 15th In-
ternational Workshop on Variable Structure Systems (VSS),
Graz, Austria, July 2018.

A. Kumar and P. Kumar, “Sliding mode control of
DSTATCOM for power quality improvement,” in Proceedings
of the 2019 8th International Conference on Power Systems
(ICPS), Jaipur, India, December 2019.

M. T. Benchouia, I. Ghadbane, A. Golea, K. Srairi, and
M. Benbouzid, “Design and implementation of sliding mode
and PI controllers based control for three phase shunt active
power filter,” Energy Procedia, vol. 50, pp. 504-511, 2014.
U. K. Kalla, B. Singh, S. S. Murthy, C. Jain, and K. Kant,
“Adaptive sliding mode control of standalone single-phase
microgrid using hydro, wind, and solar PV array-based
generation,” IEEE Transactions on Smart Grid, vol. 9, no. 6,
pp. 6806-6814, 2018.

H. Fujita, S. Tominaga, and H. Akagi, “Analysis and design of
a dc voltage-controlled static var compensator using quad-
series voltage-source inverters,” IEEE Transactions on In-
dustry Applications, vol. 32, no. 4, pp. 970-978, 1996.



