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Abstract: Three-level inverters have emerged as the main alternative to replace the use of standard two-level inverters in
current harmonics mitigation. Neutral-point diode clamped (NPC) inverter is the most attractive candidate due to its robustness.
However, the inherent neutral-point voltage deviation problems have always been the most troublesome features of NPC
inverter. Hence, voltage balancing of DC-link capacitors is highly essential, where it is usually achieved through proper switching
control. Space vector pulsewidth modulation is the most desirable switching scheme, where the voltage balancing control is
mostly accomplished by decently allocating the dwell time for all the switching states. In this study, a fuzzy logic controller is
incorporated to systematically control the dwell time allocation for all the switching states based on the instantaneous voltage of
splitting DC-link capacitors. The proposed method is called the fuzzy-based dwell time allocation algorithm. To validate
effectiveness and feasibility of the proposed algorithm, simulation work in MATLAB-Simulink and experimental implementation
utilising TMS320F28335 digital signal processor (DSP) are performed. Both simulation and experimental results are presented,
confirming effectiveness of the proposed algorithm in reducing the inherent voltage deviation problems of NPC inverter to a
minimum level.

1

Introduction

Rapid growth of non-linear loads has posted significant power
quality problems especially high current harmonics, reactive power
burden, and low power factor to power systems. Consequently,
current harmonics mitigation and power factor correction are
essential. Among all the available mitigation techniques, current
harmonics mitigation using shunt active power filter (SAPF) is
most desirable. A typical SAPF performs by injecting opposition
currents (simply known as injection currents) back to the power
system to remove all the undesired current components, and
simultaneously improve the power factor.
Conventionally, most SAPFs are developed based on standard
two-level inverter. However, multilevel inverters which have
higher advantages in term of output voltage quality and power
losses are proven to be a better alternative [1–4]. Generally,
multilevel inverters are introduced to fulfil higher voltage
requirement in medium or high voltage applications. Today, it is
hard to connect a single power semiconductor switch directly to
medium voltage grids. Unlike two-level inverters, the unique
commutation of the power semiconductor switches in multilevel
inverters allow the addition of capacitor voltages, producing
stepwise waveform with small increase in voltage steps to reach
higher output voltage, while the power switches withstand only
reduced voltage burden. Besides, multilevel inverters can be
operated at a much lower frequency than that of two-level inverters
which reduces switching losses [1, 2, 5].
However, from another point of view, other than medium
voltage applications, it will be interesting to apply multilevel
inverters at low voltage side due to their unique capability in
distributing voltage burden among power switches, thereby
lowering the voltage stress in each power switch. Since multilevel
inverters withstand lower voltage stresses, thus they are more longlasting and durable as compared with two-level inverters.
Moreover, due to lower voltage burden in each power switch, the
uses of lower voltage-rated devices are possible in multilevel
topologies, thereby reducing implementation cost. Besides, despite
the types of applications (low or high voltage applications),
multilevel inverters possess the unique capability in producing
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output waveform with higher voltage level, thereby reducing
harmonic distortion in the output voltage waveform. In other
words, multilevel inverters are able to generate output voltage of
better quality (less harmonic distortion) as compared with twolevel inverters. This is an important quality of multilevel inverters
which makes them ideal for SAPF applications. In fact, in low
voltage applications, multilevel inverters have widely been applied
and are reported to exhibit better performance and economical
features as compared with two-level inverters [6–8].
SAPFs based on multilevel inverter are indeed more
complicated than two-level inverter due primarily to higher amount
of switching devices and DC-link capacitors. As a result, a
comprehensive control strategy is needed to control the complex
switching operation of multilevel inverter and ensure the voltage
balancing of all the DC-link capacitors. The balance of DC-link
capacitor voltage is an important quality of every multilevel
inverter-based SAPF, which is needed to produce a balanced
injection current for effective harmonics mitigation. Moreover, if
the DC-link capacitor voltage is unbalanced, there is a high risk of
premature switches failure due to over-stresses, and further
increment to the total harmonics distortion (THD). There are three
basic types of multilevel inverter namely neutral-point diode
clamped (NPC), cascaded H-bridge (CHB) and flying capacitor
(FC) inverters. Nevertheless, NPC multilevel inverter is the most
suitable candidate for SAPF applications as it requires the least
amount of DC-link capacitors to perform [2, 5]. By requiring the
least amount of DC-link capacitors to perform, it suffers the least
voltage imbalance problems, and thus more robust as compared
with CHB and FC multilevel inverters.
In three-level NPC inverter, the voltage across each splitting
DC-link capacitor must equally be maintained as half of the overall
DC-link voltage, and it is usually achieved via proper switching
control. Among all the existing switching control strategies [5],
space vector pulsewidth modulation (SVPWM) technique is the
most attractive choice as it provides high flexibility in switching
states selection, forming variety of switching sequences to suit
different types of inverter topologies. Moreover, it provides
additional advantages of superior harmonic quality, larger linear
modulation range and can achieve 15% higher DC voltage
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utilisation as compared with the conventional sinusoidal PWM
technique [9–11].
Generally, SVPWM control technique is accomplished via
decent selection and execution of switching states for their
respective activation (dwell) time based on nearest three vectors
(NTV) principle [12–17]. Therefore, the choice of these switching
states and the duration of their respective dwell time are the main
factors that determine the performance of SAPF. Various studies
have been conducted to investigate the possible causes of DC-link
capacitor voltage imbalance in NPC inverter [3, 15–20]. In the
context of SVPWM, it is widely recognised that small and medium
vectors are the prime causes of neutral-point voltage deviation
which leads to imbalance of DC-link capacitor voltage.
Subsequently, different DC-link capacitor voltage balancing
techniques are proposed in the literature.
Conventionally, SVPWM relies solely on symmetrical
switching sequence design with equal dwell time allocation for Ntype and P-type vectors [14, 15, 21] to achieve natural balancing of
DC-link capacitor voltage. However, by depending on SVPWM
alone is not good enough to completely solve the severe voltage
deviation problems of NPC inverter, especially when it operates as
SAPF. Moreover, in practical situation, fixed dwell time allocation
approach is not able to handle system variations resulting from
dissimilar characteristic of switching devices, imbalance of
splitting DC-link capacitors due to fabrication tolerances, and
voltage variation across the splitting DC-link capacitors during
transient conditions, which may further worsen the voltage
deviation [3].
Further improvements have been proposed where the redundant
small vectors in switching sequence are rearranged to suit different
imbalance conditions of DC-link capacitor voltage [16, 18, 19, 22].
The voltage deviation at the neutral-point of NPC inverter is
reduced by appropriately selecting the redundant vectors to counter
the effect of medium vectors. However, rearrangement of
switching sequences requires huge efforts especially for multilevel
inverters which possess high number of switching states. A better
alternative is proposed in [15, 17, 20, 22–25], where the dwell time
of N-type and P-type small vectors are adjusted in response to
imbalance of DC-link capacitor voltage. The proposed method is
effective against various types of voltage imbalance conditions and
does not require any complex switching sequence design.
However, it is difficult to precisely determine the amount of time
adjustment needed to accurately represent the degree of voltage
imbalance. In most solutions, the time adjustment value is
predicted using complex mathematical analysis, and thus
intensifying the computational burden of the designed controller.
Fortunately, rapid advancement in artificial intelligence (AI)
technology has led to the successful development of fuzzy logic
control (FLC) technique and it has been applied with great success
in various engineering fields. FLC is famous for its superior
robustness, speed and accuracy [26–29]. It is an adaptive
mechanism which operates based on linguistic control (if-then)
rules to approximate a function [26, 27]. Consequently, it is able to
work with imprecise inputs, handle non-linear system with
parameter variations, and is possible to be designed without
knowing the exact mathematical model of the system [27–30]. In
the area of SAPF, FLC technique has widely been applied in DClink voltage regulation [26–35] and switching control [32–34, 36,
37]. By incorporating the advantages of FLC, the SAPF has
successfully performed with outstanding mitigation ability.
However, there is no yet work on applying FLC technique to
control voltage imbalance in multilevel inverter-based SAPF.
Therefore, this paper proposes a new dwell time allocation
algorithm with FLC technique which is able to enhance
performance of SVPWM switching algorithm in minimising the
voltage deviation at the neutral-point of three-phase three-level
NPC inverter-based SAPF. The design concept and the
effectiveness of the proposed algorithm are verified using
MATLAB-Simulink. Moreover, a laboratory prototype is
developed with the proposed algorithm downloaded in digital
signal processor (DSP) for further validation. The rest of the paper
is organised as follows. In Section 2, the proposed SAPF with
control strategies is described. Section 3 presents the details of the
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SVPWM switching algorithm used in the SAPF. In Section 4, the
proposed fuzzy-based dwell time allocation (FDTA) algorithm is
clearly presented. The simulation and experimental results are
presented, and thoroughly discussed in Sections 5 and 6,
respectively, showing effectiveness of the proposed algorithm.
Finally, the last section summarises significant contributions of this
work.

2

SAPF with control strategies

The proposed three-phase SAPF system based on three-level NPC
inverter connected at point of common coupling between threephase source and non-linear load is shown in Fig. 1. Meanwhile, its
control strategies consist of harmonics extraction, synchroniser,
DC-link capacitor voltage regulation, neutral-point voltage
deviation control, and switching control algorithms.
This paper focuses mainly on neutral-point voltage deviation
control algorithm where a new control algorithm (FDTA algorithm)
is proposed. For harmonics extraction, instantaneous power (PQ)
theory is used [38–40]. Meanwhile, a synchroniser is used to
provide reference signal to the DC-link capacitor voltage
regulation algorithm governed by proportional-integral technique
[1, 2, 38]. From the literature, in order to ensure proper generation
of injection current iinj, the overall DC-link reference voltage V dc, ref
must be set at a suitable level which fulfils the following
requirement [28, 35, 41–44]
vS < vSAPF_max ≤ 2vS

(1)

V dc, ref = 2vSAPF_max

(2)

where vS represents the source voltage, and vSAPF_max represents the
maximum output voltage of SAPF. Meanwhile, the minimum
capacitance value Cdc for each capacitor can be determined as
follows [35, 45–48]
Cdc ≥

∫ 0t iinjdt
4ΔV max

(3)

where iinj represents the injection current, and ΔV max represents the
maximum voltage ripple allowed on DC-link capacitors.
Finally, the switching control is realised through SVPWM
switching algorithm. In SAPF applications, switching frequency
applied is commonly set at 25 kHz to obtain sufficient current
harmonics attenuation [40, 49].

3

SVPWM switching algorithm

According to Fig. 1a, it is clear that each bridge of a typical threelevel NPC inverter composes four switches. In the context of
SVPWM, the operation of the switches involves three kinds of
switching states N, O, P as summarised in Table 1.
Basically, a total of 27 switching states are required to represent
the switching operation of a typical three-phase three-level NPC
inverter. They can also be represented by voltage vector for
simplification. For better understanding on the characteristics of
SVPWM, the 27 vectors which consists of three zero vectors (V 0),
12 small vectors (V 1 to V 6), six medium vectors (V 7 to V 12) and six
large vectors (V 13 to V 18) are usually presented in the form of space
vector diagram as shown in Fig. 2a.
The area of the hexagon is separated into six equal triangular
sectors (I–VI), each having four minor triangular regions (1–4),
making the total of 24 regions. It is important to note that small
vectors have two kinds of switching states (N-type and P-type) and
meanwhile zero vector which is located at the centre of the
hexagon has all three kinds of switching states.
It has widely been reported in the literature [15, 17, 18, 50, 51]
that voltage deviation at neutral-point of NPC inverter is mainly
caused by small and medium vectors. Therefore, in order to
minimise the deviation, most of the SVPWM switching sequences
are designed based on NTV principle [12–14, 17] in which the
IET Power Electron., 2017, Vol. 10 Iss. 4, pp. 429-441
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Fig. 1 Three-phase three-level SAPF system
(a) Circuit diagram, (b) Overall control algorithms, (c) Proposed FDTA algorithm with the applied fuzzy membership functions (MFs) for each control variable

Table 1 Switching states representation for a typical three-level NPC inverter
Switching state
Inverter switching status (phase A)
S1
S2
S3
S4

Terminal voltage ( V AZ)

N

off

off

on

on

−V dc /2

O
P

off
on

on
on

on
off

off
off

0
V dc /2

three nearest consecutive vectors of each region are used to
synthesise the equivalent reference voltage vector V ref located at
IET Power Electron., 2017, Vol. 10 Iss. 4, pp. 429-441
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each region. In addition, regions 1 and 2 of each sector are further
divided into two subregions, making a total of six regions as shown
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Fig. 2 Three-level space vector diagram
(a) Division of sectors and regions, (b) Division of six regions in Sector I for minimising voltage deviation at neutral-point

in Fig. 2b. The idea is to achieve a symmetrical switching
operation by equally distributing the dwell time between N-type
and P-type switching patterns of small vectors over a sampling
period T s.
Different sets of inverter's switches will be switched on and off
according to the designed switching sequence when V ref passes
through the regions one by one. Considering V ref falls into region 3
of sector I (sector I-3), a symmetrical eight-segment switching
sequence which is designed based on NTV principle can be
summarised as Table 2. Meanwhile, the duty-cycle time (on-state
or off-state time) of the selected switches over a sampling period T s
can be represented by the dwell time calculated for each vector
using volt-second balancing [12, 14] approach. In sector I-3, the
volt-second balance equation can be expressed as follows
V 1T a + V 7T b + V 13T c = V ref T s

(4)

Ta + Tb + Tc = Ts

(5)

ma =

T b = T s[2masin θ]

π
+θ
3
f or 0 ≤ θ ≤ π/3

0 ≤ ma ≤ 1

(7)

where V ref is the fundamental reference voltage generated by the
modulator which is equivalent to the radius of the circle shown in
Fig. 2a and V ref (six − step) = (2/π)V dc is the fundamental voltage at
six-step operation.
Generally, SVPWM algorithm which is used to control a typical
voltage source inverter operates based on voltage-based reference
signal. The voltage-based reference signal is basically needed to
determine the required reference angle θ and ma so that they can be
applied in (6) to compute the required dwell time. However, for
SAPF applications, due to the facts that the generated reference
signal is actually a current-based signal, hence the required
reference angle θ is obtained by processing the current-based
reference signal iS, ref and meanwhile ma is computed according to
(7) with respect to the largest radius of space vector diagram (refer
Fig. 2a) which is fixed at 1/ 3.
For generation of reference angle θ, the actual source current iS
is first compared with the current-based reference signal iS, ref to
generate the current error (refer to Fig. 1b), followed by conversion
of the current error into its alpha I α and beta I β representation,
which is then used to compute the required reference angle θ. The
overall generation process of reference angle θ can be summarised
as follows

where T a, T b, and T c are the dwell times for V 1, V 7 and V 13,
respectively.
Consequently, the resulted dwell times for three nearest vectors
of sector I-3 are given as
T a = T s 2 − 2masin

V ref
;
V ref (six − step)

(6)

Iα

π
T c = T s[2masin − θ − 1]
3

Iβ

where θ is the reference angle and ma is the modulation index
defined according to six-step mode operation [52, 53] represented
as

2
=
3

1
0

θ = tan−1

Table 2 Symmetrical eight-segment switching sequence in sector I-3
Feature
1
2
3

1
2

iSa − iSa, ref

3
2

3
2

iSc − iSc, ref

Iβ
;
Iα

−π ≤ θ ≤ π.

−

1
2

−

iSb − iSb, ref

(8)

(9)

Segment
5

6

7

8

voltage vector

V 1P

V7

V 13

V 1N

V 1N

V 13

V7

V 1P

switching state
dwell time

POO
Ta
4

PON
Tb
2

PNN
Tc
2

ONN
Ta
4

ONN
Ta
4

PNN
Tc
2

PON
Tb
2

POO
Ta
4
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Table 3
CVd

Rule base for FDTA algorithm

NB
NS
ZE
PS
PB

NB

NS

Vd
ZE

PS

PB

ZE
NS
NB
NB
NB

PS
ZE
NS
NB
NB

PB
PS
ZE
NS
NB

PB
PB
PS
ZE
NS

PB
PB
PB
PS
ZE

For computation of modulation index, by referring to the largest
radius of a typical space vector diagram as shown in Fig. 2a, the
maximum magnitude of reference voltage V ref which can be
obtained from three-level SVPWM is actually (1/ 3)V dc, hence the
corresponding maximum modulation index given by (7) is
ma = 0.907. In order to achieve maximum utilisation of DC-link
voltage as well as reducing the harmonic contents of the generated
output voltage, modulation index should be set as high as possible
[9–11, 54]. Hence, the maximum modulation index is applied
throughout this work.

4

Proposed FDTA algorithm

As presented in Section 3, voltage deviation at the neutral-point
can be controlled by manipulating the dwell time between N-type
and P-type small vectors. Based on Fig. 2a, it is clear that there is
at least a small voltage vector exists in every region of operation,
whose dwell time is shared equally between its two switching
patterns. For example, the dwell time T a for N-type small vector
V 1N and P-type small vector V 1P which has equally been divided
can be represented as
T a = 2[T aN + T aP]

(10)

where T aN and T aP are given by
T aN =
for

0 ≤ Δt ≤ 1

Ta
Δt
2
(11)

Ta
T aP =
(1 − Δt)
2

The proposed FDTA algorithm (refer Fig. 1c) is performed by
continuously generating the most appropriate incremental time
interval Δt to be applied in (11), based on instantaneous condition
of the splitting DC-link capacitor voltages V dc1 and V dc2, so as to
adjust the dwell time allocation of the designated switching states.
At any instance, if neutral-point voltage deviation Vd occurs, the
degree of deviation will be processed by the proposed FDTA
algorithm to generate a corresponding Δt value for mitigating the
effect of the voltage deviation. If positive deviation occurs (Vd >
0), a higher Δt value will be generated to counteract the sudden
increased of Vd. In contrast, if negative deviation occurs (Vd < 0),
Δt value will be reduced to a level that is most appropriate in
dealing with the inverse increment of Vd. Furthermore, if the
splitting DC-link capacitor voltages are balanced (Vd = 0), Δt value
will be maintained at 0.5 to ensure equal dwell time allocation for
N-type and P-type small vectors. In other words, the proposed
FDTA algorithm is able to adapt itself to any voltage deviation that
occurs at the neutral-point of NPC inverter, and simultaneously
generates a mitigating signal.
To control Δt, FLC technique is applied. The utilisation of FLC
technique allows the control process to be accomplished
systematically without going through any complex mathematical
reasoning. Generally, FLC operation involves four processes,
starting with fuzzification, followed by fuzzy rule base and
inference interpretation, and end with defuzzification. The
proposed FDTA algorithm uses voltage deviation Vd and change of
IET Power Electron., 2017, Vol. 10 Iss. 4, pp. 429-441
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voltage deviation CVd with sample time k given in (12) and (13),
respectively, to control Δt.
Vd k = V dc1 − V dc2

(12)

CVd k = Vd k − Vd(k − 1)

(13)

During fuzzification, the formulated numerical Vd and CVd
variables are converted into their corresponding linguistic
representation, based on their respective fuzzy membership
functions. All the input conditions will be processed by Mamdanistyle fuzzy inference mechanism [26, 28, 29, 31] to generate the
most appropriate fuzzified Δt output according to the designed
fuzzy rule base table which composes a collection of linguistic ‘If
A and B, Then C’ rules. The generated fuzzified Δt output is
converted back to its corresponding numerical control signal via
the defuzzification process. Most FLC system uses the famous
centroid of area defuzzification method [26, 31, 55, 56] as it
provides a good average feature in determining the best output
result. The membership functions and rule base for the FLC
technique applied in the proposed FDTA algorithm are shown in
Fig. 1c and Table 3, respectively.
The fuzzy sets are selected according to the degree of voltage
deviation which may occur throughout the operation of SAPF
system. The selected fuzzy sets must possess certain sensitivity
(level of fuzziness) which is sufficient enough to represent all the
voltage deviation conditions. In this work, 5 × 5 membership
functions with 25 rules are considered for the proposed FDTA
algorithm. The higher number of membership functions are not
considered as high usage of membership functions impose great
computation burden to the controller, which undoubtedly intensify
the difficulties for practical implementation. Besides that, a
combination of triangular and trapezoidal membership functions
are selected for the membership functions design. These types of
membership functions are famous for their simple implementation
features together with minimal computational efforts [26, 29, 34,
57]. With utilisation of the selected 5 × 5 membership functions in
the proposed FDTA algorithm, voltage deviation between the
splitting DC-link capacitors can be reduced to minimum level and
thus leads to the balance of splitting DC-link capacitor voltages.

5

Simulation results

The three-phase three-level NPC inverter-based SAPF with the
proposed FDTA algorithm is developed and evaluated in
MATLAB-Simulink. Simulation work which involves three types
of non-linear loads is conducted to evaluate performance of the
proposed FDTA algorithm in term of its ability to balance up the
splitting DC-link capacitor voltages, and minimise the voltage
deviation at the neutral-point of NPC inverter. The first non-linear
load is constructed using a three-phase uncontrolled bridge rectifier
feeding a 20 Ω resistor and 2200 μF capacitor connected in parallel
(capacitive). The second non-linear load is developed using similar
rectifier feeding a series connected 50 Ω resistor and 50 mH
inductor (inductive). The third non-linear load is developed using
similar rectifier feeding a 20 Ω resistor (resistive). The key
specifications of the proposed SAPF system are summarised in
Table 4. Besides, SAPF with conventional SVPWM algorithm
stand-alone (without FDTA algorithm) is also tested for
comparison purposes. Moreover, in order to further verify the
effectiveness of the proposed FDTA algorithm, it is also tested
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Fig. 3 Simulation results of SAPF with FDTA algorithm which include three-phase source voltage vS, load current iL, injection current iin j and source current
iS for
(a) Capacitive, (b) Inductive, (c) Resistive loads

under two load changing conditions: capacitive to inductive and
inductive to resistive load.
Simulation results of SAPF with FDTA algorithm which
include three-phase source voltage vS, load current iL, injection
current iinj, and source current iS for capacitive, inductive, and
Table 4 Design specifications of SAPF
Parameter
voltage source
DC-link capacitor
DC-link reference voltage
limiting inductor
switching frequency

resistive loads are shown in Fig. 3. Meanwhile, the corresponding
THD values of iS before and after connecting the SAPF are
summarised in Table 5. The findings prove that current harmonics
generated by all the non-linear loads are successfully removed,
resulting in THD value of far below 5%, which complies with the
limit set by IEEE Standard 519-2014 [58]. Furthermore, it can be
observed that the mitigated iS is working in phase with the vS for
all non-linear loads, which leads to almost unity power factor.
On the other hand, Fig. 4 shows the simulation results which
cover the overall DC-link voltage V dc, splitting DC-link capacitor
voltages (V dc1 and V dc2), and neutral-point voltage deviation Vd
(V dc1 − V dc2) for capacitive, inductive, and resistive loads.
Meanwhile, the corresponding overall performance of SAPF with
and without the proposed FDTA algorithm in terms of DC-link

Value
400 Vrms, 50 Hz
3300 μF (each)
880 V
5 mH
25 kHz

Table 5 THD values of source current iS in all phases (simulation work)
Total harmonic distortion, THD, %
Capacitive load
Inductive load
Phase A
Phase B
Phase C
Phase A
Phase B
Phase C
Before connecting SAPF
43.03
After connecting SAPF
1.10
1.09
434

Phase A

27.43
1.08

1.44

1.45

Resistive load
Phase B

Phase C

26.64
1.44

1.08

1.03

1.06
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Fig. 4 Simulation results of SAPF which include overall DC-link voltage V dc, splitting DC-link capacitor voltages V dc1 and V dc2, and neutral-point voltage
deviation Vd (V dc1 − V dc2) for
(a) Capacitive, (b) Inductive, (c) Resistive loads

Table 6 Overall performance of SAPF with and without FDTA algorithm (simulation Work)
SAPF
Voltage deviation of each splitting DC-link capacitor, V (Set Neutral-point voltage deviation Vd, V (Set point = 0 V)
controller
point = 440 V)
Capacitive
Inductive
Resistive
Capacitive
Inductive
Resistive
without FDTA
with FDTA

3.0 to 4.0
0.0

1.0 to 1.5
0.0

1.0 to 3.0
0.0

capacitor voltage balancing and neutral-point voltage deviation
control is summarised in Table 6.
From the findings, it is clear that SAPF without the proposed
FDTA algorithm performs poorly with Vd ranging from 6.0 to 9.0
V (capacitive), 2.0 to 3.0 V (inductive), and − 5.0 to −3.0 V
IET Power Electron., 2017, Vol. 10 Iss. 4, pp. 429-441
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6.0 to 9.0
−1.0 to 1.0

2.0 to 3.0
−0.2 to 0.2

−5.0 to −3.0
−0.5 to 0.5

(resistive). Note that negative (−) sign refers to inverse direction of
Vd. Besides that, it can be observed that the voltage across each
splitting DC-link capacitor deviates away from the desired set point
(440 V) by 3.0 to 4.0 V (capacitive), 1.0 to 1.5 V (inductive), and
1.0 to 3.0 V (resistive).
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Fig. 5 Simulation results of SAPF with FDTA algorithm which include overall DC-link voltage V dc, splitting DC-link capacitor voltages V dc1 and V dc2, and
neutral-point voltage deviation Vd (V dc1 − V dc2) for load changing conditions of
(a) Capacitive to inductive, (b) Inductive to resistive loads

Fig. 6 Experimental setup for the proposed SAPF system

However, when the proposed FDTA algorithm is triggered at 3
s, Vd is further reduced to almost 0 V within a time delay of 0.05,
0.02 and 0.05 s for capacitive, inductive, and resistive loads,
respectively. SAPF with the proposed FDTA algorithm performs
outstandingly with Vd ranging from −1.0 to 1.0 V (capacitive),
−0.2 to 0.2 V (inductive) and −0.5 to 0.5 V (resistive). Moreover,
voltage across the splitting DC-link capacitors for all the non-linear
loads are equally maintained at desired set point. In other words,
each splitting DC-link capacitor voltage has successfully been
maintained at half of the overall DC-link voltage and thus proving
the superior DC-link capacitor voltage balancing ability of the
proposed FDTA algorithm.
Furthermore, Fig. 5 shows the simulation results of SAPF with
FDTA algorithm which cover the overall DC-link voltage V dc,
splitting DC-link capacitor voltages (V dc1 and V dc2), and neutralpoint voltage deviation Vd (V dc1 − V dc2) for load changing
conditions of capacitive to inductive and inductive to resistive
loads. Based on Fig. 5, it is clear that voltage across the two
splitting DC-link capacitors (V dc1 and V dc2) under both load
changing conditions, are equally maintained at the desired value
436

(440 V) with minimum Vd, thereby proving effectiveness of the
proposed FDTA algorithm under different transient conditions.

6

Experimental verification

Laboratory prototype is developed to practically validate
performance of the proposed FDTA algorithm. The experimental
setup for the proposed SAPF system is shown in Fig. 6. For
experimental testing, the supply voltage source is set at 100 Vrms,
which is supplied from a programmable AC source (Chroma
6590). Meanwhile, the desired overall DC-link reference voltage is
set at 220 V. A total of 12 insulated-gate bipolar transistors
(IKW30N60T) and six diodes (VS-30EPF12) are assembled to
form the three-phase three-level NPC inverter. The switches are
driven by Gate Drive Optocoupler (HCPL-3120) driver IC.
Furthermore, a TMS320F28335 DSP board is configured and
programmed to perform all control algorithms of the SAPF and to
generate the desired switching signals for the three-phase threelevel NPC inverter. Similar analysis which has been performed in
the simulation work is considered for experimental analysis.
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Fig. 7 Experimental results (Phase A) of SAPF with FDTA algorithm which include source voltage vS, load current iL, injection current iin j, and source
current iS for
(a) Capacitive, (b) Inductive, (c) Resistive loads

The experimental results (Phase A) of SAPF with FDTA
algorithm which cover source voltage vS, load current iL, injection
current iinj, and source current iS for capacitive, inductive, and
resistive loads are shown in Fig. 7. Meanwhile, the corresponding
harmonic spectrums are shown in Fig. 8. All the resulted THD
values of source current iS before and after connecting the SAPF
are recorded in Table 7. The experimental findings confirm that
current harmonics generated by all the non-linear loads are
successfully removed, resulting in THD value of below 5%.
Furthermore, the mitigated iS seems to work in phase with vS for all
non-linear loads, which leads to almost unity power factor.
On the other hand, experimental results showing the overall
DC-link voltage V dc, and splitting DC-link capacitor voltages (V dc1
and V dc2) for all the non-linear loads, which are obtained from the
SAPF with and without the proposed FDTA algorithm are shown in
Fig. 9. Furthermore, the corresponding overall performance of
SAPF with and without the proposed FDTA algorithm in terms of
DC-link capacitor voltage balancing and neutral-point voltage
deviation control is summarised in Table 8.
Based on the findings, it is clear that SAPF with the proposed
FDTA algorithm performs outstandingly with Vd ranging from
−1.0 to 1.0 V (capacitive), −0.5 to 0.5 V (inductive) and −0.5 to
0.5 V (resistive), which is close to the desired minimum level of 0
V. Moreover, voltage across both splitting DC-link capacitors for
all the non-linear loads are equally maintained at half of the overall
DC-link voltage and thus confirming the superior DC-link
capacitor voltage balancing ability of the proposed FDTA
algorithm. In contrast, SAPF without the proposed FDTA
algorithm fails to eliminate the neutral-point voltage deviation,
where Vd ranging from 7.0 to 9.5 V (capacitive), 3.0 to 4.0 V
(inductive) and −6.5 to −5.0 V (resistive) are recorded from the
experimental work. Besides that, it can also be observed that the
voltage across each splitting DC-link capacitor deviates away from
the desired set point (110 V) by 3.0 to 5.0 V (capacitive), 1.0 to
2.0 V (inductive), and 2.0 to 4.0 V (resistive).
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Furthermore, Fig. 10 shows the experimental results of SAPF
with FDTA algorithm which cover the overall DC-link voltage V dc
and the splitting DC-link capacitor voltages (V dc1 and V dc2) for load
changing conditions of capacitive to inductive and inductive to
resistive loads. Based on Fig. 10, it is clear that voltage across the
two splitting DC-link capacitors (V dc1 and V dc2) under both load
changing conditions, are equally maintained at the desired value
(110 V) with minimum deviation, thereby confirming effectiveness
of the proposed FDTA algorithm under different transient
conditions.
Based on all the simulation and experimental results obtained in
this work, the outstanding performance demonstrated by SAPF
with the proposed FDTA algorithm in DC-link capacitor voltage
balancing and neutral-point voltage deviation control has clearly
revealed the significant roles of applying FLC technique in
distributing the dwell time for the designated switching states.

7

Conclusion

This paper has successfully demonstrated a FDTA algorithm for
reducing voltage deviation at the neutral-point of three-phase threelevel NPC inverter-based SAPF. In this algorithm, FLC technique
is applied to control the required Δt for adjusting the dwell time
involved. Based on this technique, the degree of neutral-point
voltage deviation is processed, and simultaneously, the most
appropriate Δt which contributes to reduction of neutral-point
voltage deviation is specified. The proposed FDTA algorithm
serves as an enhancer to further improve the performance of
SVPWM switching algorithm in DC-link capacitor voltage
balancing and neutral-point voltage deviation minimisation. As a
result, the voltage across each splitting DC-link capacitor is
successfully maintained as half of the overall DC-link voltage with
minimum neutral-point voltage deviation. The algorithm is not
limited to NPC inverter-based SAPF system with specific type of
load. In fact, it is proven to work effectively under various types of
non-linear loads and transient conditions. Most importantly, with
the incorporation of proposed FDTA algorithm, the SAPF has
437

Fig. 8 Phase A harmonic spectrums (experimental result) of source current iS before and after connecting SAPF for
(a) Capacitive, (b) Inductive, (c) Resistive loads

Table 7 THD values of source current iS in all phases (experimental work)
Total harmonic distortion, THD, %
Capacitive load
Inductive load
Phase A
Phase B
Phase C
Phase A
Phase B
Phase C
Before connecting SAPF
32.14
32.18
After connecting SAPF
3.33
3.28

Phase A

Resistive load
Phase B

Phase C

32.11

24.62

24.65

24.66

24.32

24.30

24.31

3.30

3.04

2.99

2.93

2.54

2.50

2.56

performed outstandingly in current harmonics mitigation by
achieving a THD value of far below 5%. A comprehensive set of
simulation and experimental results are presented confirming the
design concept and effectiveness of the proposed FDTA algorithm.
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Fig. 9 Experimental results of SAPF which include overall DC-link voltage V dc (20 V/div), and splitting DC-link capacitor voltages V dc1 and V dc2 (10 V/div)
for
(a) Capacitive, (b) Inductive, (c) Resistive loads

Table 8 Overall performance of SAPF with and without FDTA algorithm (experimental work)
SAPF
Voltage deviation of each splitting DC-link capacitor, V (Set Neutral-point voltage deviation Vd, V (set point = 0 V)
controller
point = 110 V)
Capacitive
Inductive
Resistive
Capacitive
Inductive
Resistive
without FDTA
with FDTA

3.0 to 5.0
0.0

1.0 to 2.0
0.0
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2.0 to 4.0
0.0

7.0 to 9.5
−1.0 to 1.0

3.0 to 4.0
−0.5 to 0.5

−6.5 to −5.0
−0.5 to 0.5
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Fig. 10 Experimental results of SAPF with FDTA algorithm which include overall DC-link voltage V dc (20 V/div), and splitting DC-link capacitor voltages
V dc1 and V dc2 (10 V/div) for load changing conditions of
(a) Capacitive to inductive, (b) Inductive to resistive loads
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