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Abstract This paper proposes a new constant-frequency
space-vector hysteresis current control (CF-SVHCC) tech-
nique for three-level neutral-point diode-clamped (TL-NPC)
inverters in shunt active power filter applications when
applied to three-phase isolated neutral point (INP) sys-
tems. The proposed techniques is developed based on two
recognized modulation methods, space-vector pulsewidth
modulation and adaptive hysteresis-band current control.
The proposed technique consists of two alternating adap-
tive hysteresis-band strategies around the error-current vector
in the of stationary reference frame (SRF). The first strat-
egy is designed with the purpose of utilizing the medium-
and large-voltage vectors of the TL-NPC inverter to keep the
error-current vector within the adaptive hysteresis boundary,
while the second one is designed according to the small-
voltage vectors of the TL-NPC inverter to balance its neutral
point voltage. The main part of this proposed technique is
a supervisory controller that operates in SRF to effectively
avoid inter-phase dependency. This smart controller system-
atically uses the zero-voltage vectors and the nonzero-voltage
vectors associated with the alternating adaptive hysteresis-
band strategies in order to prevent high switching frequency
and maintain the switching frequency constant in INP sys-
tems, respectively. The proposed CF-SVHCC performance
is validated by extensive simulation studies for both steady-
state and transient conditions.
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Introduction

The multilevel inverter technology is anticipated to become
an established resource for maturing the newly established
and rapidly growing high-power applications that require
considerable rise of both voltage and current amplitudes [1].
The main benefits of these types of inverters have been distin-
guished since the first neutral-point-clamped (NPC) inverter
was introduced in 1981 by Nabae et al. [2]. This special
configuration enhances the inverter power rating because
the voltage stress of each semiconductor device is reduced
to one-half of the DC-side voltage for a typical three-level
inverter compared to a two-level inverter and will be even
lower for higher level inverters. Moreover, their voltage har-
monic content is by far lower than that of two-level inverters
with the same condition owing to the inverter modulated-
voltage improvements [3].

The existing SAPF technologies typically use a two-level-
type voltage source inverter (VSI) structure [4]; however,
for high-power applications, three-level-type VSI structures
have been verified to operate more efficient [3]. A three-
level NPC (TL-NPC) inverter can be engaged in a variety of
systems (three-wire and four-wire power systems) [5]. In a
TL-NPC inverter, the splitting DC-side-capacitor voltage has
to be maintained half of the DC-side voltage. The key bene-
fits of three-level VSIs are lower harmonic content, reduced
voltage stress on the semiconductor switches, and improved
switching losses.

Numerous control approaches for multilevel inverters
have been introduced to control either voltage [6] or current
[6]. They can be principally categorized into two classes:
indirect current control (ICC) and direct current control
(DCC) techniques. Carrier-based modulation and space-
vector modulation (SVM) belong to the first category and
have been considered as among the most popular modu-
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lation strategies for multilevel inverters because of their
operation at a constant modulation frequency. An alternative
approach to control current through multilevel inverters is to
use a DCC-type technique. Hysteresis current control (HCC),
which is a DCC-type modulation, is a popular approach
due to its various advantages, i.e., simplicity, fast-response,
and inherent peak current-limiting capability without requir-
ing system parameter information. However, a fixed-band
HCC technique introduces a number of disadvantages includ-
ing variation of modulation frequency, excess load current
harmonic distortions, and difficulties with vector conver-
sion. The problems associated with these current control
techniques are due to their complexity in implementation,
demanding extensive system information, stability issues,
and limitations in transient response [7].

The application of DCC to multilevel inverters is more
rewarding but also more challenging. The popular control
options are multi-band, multi-offset, time-based and space-
vector strategies, and one-cycle control [8—11]. The first
two methods use n — 1 hysteresis-bands for an n—level
inverter to identify an out-of-band current-error; however,
there are difficulties associated with DC tracking errors and
maintaining a constant switching frequency by changing the
band magnitude. Time-based strategies overcome this flaw
by utilizing solely one group of hysteresis-bands while also
switching between voltage series when an out-of-band error
is discovered; however, they are sensitive to noise at current
zero crossings and have defective dynamic responses [12].
Space-vector strategies overcome these problems by directly
correcting the current phasor error using the best voltage
vector, which is selected according to current-error deriva-
tives, per-phase leg comparators and a switching table [13].
However, inaccurate load back-electromotive force (EMF)
estimation may result in wrong voltage vector selection and
more harmonic distortions compared with the open-loop
phase disposition modulation.

There are various strategies to solve the issues con-
nected to the limitations of hysteresis controls [14—17]. One
approach to keep a fixed modulation frequency is to compen-
sate the influence of inaccurate load back-EMF by varying
the hysteresis-band using the derivative of the output current-
error and the inverter switching state [18]; however, the
current-error derivative is vulnerable to high frequency noise
specifically at higher switching frequencies. An alternative
method to maintain a constant switching frequency is to
compute the demanded hysteresis-band variation that syn-
chronizes the current-error zero crossings to an external clock
[19]; however, the regulators performance can be degraded
due to computation issues [ 14]. In addition, both of the above-
mentioned strategies can cause phase-leg interactions since
they demand three separate current controls for a three-phase
system while an INP system is only a two-degree-of-freedom
problem [20].
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This paper proposes a new and relatively simple modula-
tion technique for TL-NPC inverters. It is designed based on
the combination of the three-level SRF-type SVM technique
from the ICC category and the three-level AHCC technique
from the DCC category in order to provide the advantages of
interphases independency and constant switching frequency,
as well as neutral point voltage balancing, especially when
applied to three-phase INP power systems. The proposed
method consists of six different units; (1) a measurement
unit for measuring the required signals, (2) an error com-
putation unit for calculating the current-error vector in SRF,
(3) an area and sector detection unit for detecting the sector
and area of the current-error vector in alternating hysteresis
strategies when the neutral point voltage is either balanced
using the first strategy including 12 sectors associated with
12 medium- and large-voltage vectors or unbalanced using
the second strategy including 6 sectors associated with six
small-voltage vectors, (4) a voltage vector selection unit for
selecting an appropriate voltage vector among the small-,
medium- and large-voltage vectors of the TL-NPC inverter,
(5) an adaptive hysteresis-band calculation unit for obtaining
the hysteresis boundary in SRF, and (6) a supervisory control
unit for defining which voltage vector should be applied to
bring the current error back towards the hysteresis boundary,
maintain the switching frequency constant, and balance the
neutral point voltage. Simulation studies are performed using
the MATLAB software to verify the steady state and transient
performances of the proposed three-level CF-SVHCC tech-
nique in different scenarios.

System Structure and Operation
Shunt Active Power Filter

The operation principle of a TL-NPC-based SAPF topology
is shown in Fig. 1a. It is a voltage-type inverter controlled as
a current source and is attached in parallel with a group of
nonlinear loads. Harmonic current compensation is attained
by injecting the load current harmonic components equal in
magnitude but opposite in phase to PCC. The SAPF block
diagram, shown in Fig. la, consists of four different parts;
(1) a measurement circuit, (2) a reference current circuit, (3)
a modulation circuit, and (4) a TL-NPC inverter. The control
technique to produce the reference current is a basic condition
that controls the performance of SAPF [21]. The diagram of
the control technique, used in this paper, is shown in Fig. 2.

In this study, it is assumed that the power system sup-
plies the fundamental active power of the nonlinear loads
and active power losses of SAPF, while SAPF compensates
the current harmonics of the nonlinear loads. The regulation
of the DC-side voltage guarantees an effective current control
for SAPFs, as shown in Fig. 2. As can be realized from this
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Fig. 1 Three-level SAPF configuration; a basic compensation principle, b detailed TL-NPC inverter structure

figure, the measured DC-side voltage is primarily compared
to its reference counterpart 0.5V . The error is then fed to a
PI controller. The output of the PI controller is measured as
the amplitude of the source current, and this is denoted by I, .
This current takes care of the load active power demand and
the SAPF losses. It also contains the component of the source

current responsible for regulation of the SAPF DC-side volt-
age at a set value of V. The peak value of the power system
voltage is attained from the three-phase measured PCC volt-
ages. Multiplying the source current amplitude I, by the
three-phase unit voltage vectors results in the three-phase
reference source currents. Because the DCC method is used,
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Fig. 2 DCC-type SAPF control strategy with the proposed three-level CF-SVHCC
the three-phase load currents are measured and subtracted
from the reference currents resulting in the three-phase ref- Uy 1 -1/2 —-1/2 Uan
erence currents of SAPF. ug | == 0 3/2 -3 /2 Upn (5)
uo 1/2 172 1/2 Uen

Neutral-Point-Clamped Inverter

Figure 1b illustrates the configuration of a TL-NPC inverter.
It is considered that the capacitor voltages are identical and
equal to 0.5V;. (shown in Fig. 2). In this case, the phase-
to-neutral voltage of each phase according to Fig. 1b can be
written as:

Vie

Uy = My X —

> ey

where,

my € {—1, 0, +1}
and,

x €{a, b, ¢}

Then, the per-phase phase-to-neutral voltage of the inverter
will be:

Ve

Uy = C (ma —0.5x mp — 0.5 x mc) (2)
\%

Upy = 2 (m,, — 0.5 x mg — 0.5 x mb) 3)
V.

Uen = € (mc —0.5xmg —0.5x m;,) @

The inverter voltages can be transformed to a vector repre-
sented in SRF (U = uy + jug) by the following equation:
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The converted inverter voltages of the TL-NPC inverter are
illustrated in Fig. 1a.

Proposed Vector-Based Current Control

Figure 3 briefly describes the proposed vector-based modula-
tion technique. As mentioned earlier, this technique consists
of six different units; (1) the measurement unit, (2) the error
computation unit, (3) the area and sector detection unit, (4)
the voltage-vector selection unit, (5) the adaptive hysteresis-
band calculation unit, and (6) the supervisory control unit. As
can be observed in Fig. 2, initially, the capacitor voltages, the
SAPF currents and the PCC voltages need to be measured.
Then, the SAPF currents along with the reference currents
provided by the reference current circuit are transferred to
SRF. Here, the error currents can be calculated simply by sub-
tracting the reference currents from the measured currents.
By defining the current-error vector magnitude and angle,
the area and sector detection unit can define the sector where
it lies for the either balanced or unbalanced neutral point.
However, in order to find the area, it needs the datum asso-
ciated with the outer hysteresis-band, which is provided by
the hysteresis-band calculation unit. After defining the area
and the sector, the voltage vector is selected by the voltage
vector selection unit among the three voltage vector cate-
gories, i.e., small, medium and large vectors (shown in Fig.
4a). The selected voltage vector is not the one that deter-
mines the switching signals. This information along with all
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Table 1 Definition of sectors for balanced neutral point voltage

Angle to «-axis Sector Voltage vector
0° <y < 360° So Uy (ZZ27), U7 (PPP), U4 (NNN)
—15° <y < 15° S1 Ujg (NPP)
15° <y < 45° \Y) Uy (NZP)
45° <y < 75° S3 Ujg (NNP)
75° <y < 105° Sa Uiz (ZNP)
105° <y < 135° Ss Uyo (PNP)
135° <y < 165° Se Uiz (PNZ)
165° <y < 195° S7 Ujs (PNN)
195° <y < 225° Sg Ug (PZN)
225° <y < 255° So Uje (PPN)
255° <y < 285° N Uy (ZPN)
285° <y < 315° S U7 (NPN)
315° <y < 345° S Ujo (NPZ)

Table 2 Definition of sectors for unbalanced neutral point voltage

Angle to x-axis Sector Voltage vector C Cr

—30°<y <30° & Uy (ZPP) Up (NZZ) d® ¢ ¢ d
30° <y <90° S5 Us (ZZP) Ups(NNZ) d ¢ ¢ d
90° <y <150° S5 Us (PZP) Uy (ZNZ) d ¢ ¢ d
150° <y <210° S, Uy (PZZ) Uy (ZNN) d ¢ ¢ d
210° <y <270° S Uy (PPZ) Up(ZZN) d ¢ c¢ d
270° <y < 330° S U3 (ZPZ) Up(NZN) d ¢ ¢ d

2 Discharging
b Charging

other data are fed into the supervisory control unit to decide
which voltage vector should be applied in order to bring the
current-error vector within the adaptive hysteresis boundary
to reach the reference current vector, maintain the switching
frequency constant, and balance the neutral point voltage,
simultaneously.

To balance the neutral point voltage, this paper proposes
a new simple technique. As shown in Fig. 4a, there are three
voltage vector categories according to their magnitudes. The
only voltage vector category that directly controls the neutral
point voltage is the small vectors (small hexagon) because it
includes two switching patterns associated with the capacitor
C1: charging (U; — Ug) and discharging (Uz; — Uszg). The
charging pattern charges the capacitor C; and discharges the
capacitor C», but the discharging pattern does the opposite.
Therefore, two look-up tables (explained in Tables 1, 2) and
two alternating hysteresis strategies (shown in Fig. 4b, c) are
considered here. The first look-up table and hysteresis strat-
egy are used when the neutral point voltage is balanced and
the second ones are used when the neutral point voltage is
unbalanced.

@ Springer

Area and Sector Detection Unit

As shown in Figs. 4b, c, the tip of the reference current vector
(i’ p ) moves on a circle around the origin of the coordinate
system. The analysis is performed in SRF; hence the transfor-
mation of the three hysteresis-bands into this frame results in
two circular hysteresis-bands and three areas in total. These
areas are adopted in order to use the zero-, medium- and
large-voltage vectors for Fig. 4b when the neutral point volt-
age is balanced and the zero and small-voltage vectors for
Fig. 4c when the neutral point voltage is unbalanced. In the
mentioned figures, the values of 7, (constant) and ré (vari-
able) are defined by the hysteresis-band calculation unit. The
reference and actual currents can be expressed in a complex
form as follows [22]:

iApF = iApra T JiApEp (6)
iAPF = iAPFa + J IAPFB @)

Similarly, the current-error vector is expressed in SRF as
[22]:

Aigpr = iapF — i\pp = ANiapra + jAiaprgp (8)

The current-error vector tip can be located in one of the three
areas of Fig. 4b (A1, Ay, or Ayp) or Fig. 4c (A}, A}, or
A;H). The areas Ay and A; characterize one sector, i.e., Sp
and S(/), respectively. The area Ay is subdivided into twelve
sectors: S1 — Sip associated with the zero-, medium- and
large-voltage vectors and the area Aj; is subdivided into six
sectors: S| — S associated with the zero- and small-voltage
vectors. The angle between any two consecutive sectors is
30° for Fig. 4b because there are twelve distinct medium-
and large-voltage vectors and 60° for Fig. 4b because there
are six distinct small-voltage vectors. The tip of the current-
error vector lies in a sector that is detected according to its
area and angle y with respect to the «-axis. Tables 1 and
2 give the conditions that must be satisfied for the current-
error vector to reside in each particular sector regardless the
neutral point is balanced or unbalanced.

Voltage Vector Selection Unit for Balanced Neutral Point

Considering Fig. 4b and Table 1, when the error-vector tip is
located in area Ay (sector Sp), the error-vector magnitude is
small and measured satisfactorily within the required accu-
racy for tracking the reference current. Then, one of the three
zero-voltage vectors (Ug, U7 or Uys) closest to the previous
switching is applied, and no connection is made. For the sec-
ond area Ay, if the error-vector tip is located in any of the
even numbered sectors, i.e., S», S4, Se, Sg, S0 or S22, one of
the medium-hexagon-voltage vectors (Ug, Ug, U1g, U1, Uy2,
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or Uy3) will be selected (shown in Fig. 2a). Otherwise, one of
the large-hexagon-voltage vectors (Ujs, Uye, U7, Usg, Ujo,
or Uyp) will be applied when the error-vector tip is located
in one of the odd numbered sectors, i.e., S1, S3, S5, §7, S or
Si1.

Voltage Vector Selection Unit for Unbalanced Neutral
Point

Considering Fig. 4c and Table 2, when the error-vector tip is
located in the area Ai (sector S(/)), the error vector magnitude
is small and measured satisfactorily within the required accu-
racy for tracking the reference current. Then, one of the three
zero-voltage vectors (Ug, U7 or Uyy) closest to the previous
switching is applied, and no connection is made. But for the
second area Ah, if the capacitor Cy needs to be charged, one
of the charging pattern, i.e. Uy, U, Uz, U4, Us or Ug will be
selected. Otherwise, one of the discharging pattern, i.e. Uy,
Ups, Uss, Upy, Uss or Uyg, will be selected.

Hysteresis-Band Calculation Unit

According to the hysteresis current control principle, the
switching frequency can be kept constant at a selected value
by varying the hysteresis-band according to the system para-
meters, i.e., the filter inductance, the PCC voltage, and the
DC-side voltage [23]. Therefore, here, the aim is to calculate
the outer hysteresis-band in SRF for the TL-NPC inverter of
Fig. 1b and include it in the proposed three-level CF-SVHCC
technique to create a three-phase current signal with a con-
stant modulation frequency. Fig. 1b shows the topology of

a three-phase TL-NPC inverter, which is connected to PCC
through a first-order low-pass filter. In this case, it can be
considered that the grounded neutral point of the system is
connected to the midpoint of the inverter DC-side because the
analysis is performed in SRF. Therefore, each phase, which is
supplied by a half bridge inverter leg, can be analyzed inde-
pendently to derive the following phase-a leg voltage and
current relationship:

di 1
ClAPFa = _<uan - RfiAPFa - Ua)
dt Ly

)
where u,, and ispr, are the phase-a inverter output voltage
and current, respectively, Ry and L ¢ are the filter resistance
and inductance, respectively, and v, is the phase-a PCC phase
voltage. Fig. 5 shows the three-level hysteresis switching
process over one fundamental cycle of the ideal voltage.
Based on this figure, the SAPF current igpp, contains two
components, i.e., the fundamental component (ig,) and the
ripple component (ig,). Therefore, the SAPF current can be
written as [24]:

iAPFa = IFa + iRa (10)

By substituting (10) into (9), the following equation can be
obtained by neglecting the voltage drop across the series
resistance:

dira, 1

dr = L_f (”an - videala)

(1)
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where,

dif,
Videala = Va + Ltha

According to Fig. 6, when the ideal voltage is positive and the
output current error exceeds the upper/lower hysteresis-band,
the switching signal (S,) becomes zero/one and the inverter
voltage (uq,) switches to zero/upper DC-side voltage. On
the other hand, when the ideal voltage is negative, and the
output current error exceeds the upper/lower hysteresis-band,
S, becomes zero/one and u, switches to the lower DC-side
voltage/zero. Therefore, the switching periods for Areas 1
and 2 can be expressed as (considering that the capacitor
voltages are fixed during the analysis, i.e., Vy./2) [24]:

_ Lyha1Vae
Tar = [frwa] ' = ‘ (12)
¢ e Videala (0'5 Vae — videala)

LhaaVae
—Videala (05 Vice + Uideala)

13)

Ta2 = [fswaZ]_l =

Equations (12) and (13) can be rearranged into essentially
identical expressions for the switching frequency during situ-
ations where the ideal inverter output voltage is either positive
or negative, as [24]:
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t2 t3
v; 0.5Vg4e — v;
hyy = zdeala( dc zdeala) Videala = 0 (14)
LffSwal Ve
Videala (05 Vie — Uideala)
h 2 = Videala < 0 (15)
¢ LffswaZ Ve Heae

where h,1 and hg,> show how the hysteresis-bands vary
during the positive and negative ideal inverter voltages,
respectively. Since the switching frequency during the pos-
itive and the negative half fundamental cycles are remained
constant (i.e., fywal = fswa2 = fsw), the three-level vari-
able hysteresis-band expressions can now be combined as:

[Videatal [Videatal
he=nh 0.5 — 16
¢ " |: ( Vac ) ( Vac ) i| (10

where hax = Vae/(Lr fsw). Subsequently for the other
phases, the hysteresis-band will be obtained as bellow:

[Videaln| [Videaln|
hy=nh 0.5 — 17
b e |: ( Ve ) ( \Z% ) i| (an
[Videalc| [Videalc|
he =h 05— —— 18
C max [( Vdc Vdc ( )

Because the proposed three-level CF-SVHCC works in SRF,
therefore the aforementioned adaptive hysteresis-bands must
be transformed to this frame. Hence, the new hysteresis-band
can be expressed in SRF using the inverse transformation
matrix of (5) as follows:
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hnew = \/h% + I (19)

The important issue in calculating the above adaptive
hysteresis bands is the calculation of the absolute value
of the ideal voltage (|vigeqi|) for each phase. To do this,
an artificial-neural-network-based algorithm called adaptive
linear combiner (ADALINE) is used to estimate these volt-
ages using the switching signals belonged to each phase.
There are a number of harmonic estimation techniques
reported in the literature [25-27], among which discrete
Fourier transform (DFT), Kalman filter (KF) and ADALINE
are the most popular ones. ADALINE has been proven to be
superior to the KF and DFT techniques in finding the mag-
nitudes and phases of the harmonics [28]. Therefore, in this
paper, this algorithm is employed. The estimation procedure
proposed by this method over one fundamental power cycle
for phase-a is shown in Fig. 6. The phase-a inverter output
voltage along with its fundamental component, which aims
to be extracted from the total switching signal, are shown in
Fig. 5. This switching signal, which is denoted by ;. , is
revealed in Fig. 6. To produce this switching signal, S, and
S,> are employed. The absolute value of the phase-a inverter
voltage for estimating the absolute value of the ideal voltage
can be calculated as:

V.
% % Spor. (20)

[tan| =

Considering that this voltage, which has been obtained by
the phase-a switching signals of the TL-NPC inverter of Fig.
1b, with the fundamental angular frequency of w = 2 f
includes an unknown fundamental component, a finite num-
ber of harmonic components with a maximum order N, and a
decaying DC offset component (Uy,), at any sample instant
k, it can be written by the Fourier series as:

N
ugqlk] = Z Uyjq Sin (a)kl’lTS + (pna) + Udcae—kTs/Ta

n=1

N
= Z [Gna sin (n@a) + H,, cos (nQa)] @D
n=1
+ Uy — 0aUdca
T,

where,

Gna = Una c0S Qg and  Hyq = Uyg Sin @pg

In this equation, Uy, ¢na, T4, Ny, and Ty are the amplitude
of the nth harmonic, the phase angle of the nth harmonic, the
time constant of the decaying DC offset, the sampling rate,

and the sampling period, respectively. Rearrangement of this
equation in order to represent it as a matrix form yields:

palk] = (Walk])" Xalk] (22)
where,

U T
Wa[k] - I:Gla»Hla»ma GNa»HNa»Udca’_ dca]

a
. . . . 0a "

X, k] = [ sin6,, sinf,, ...,sinf,, sinbf,, 1, ——]

where T, W, [k], and X, [k] represent the transpose symbol,
the known input vector, and the adjustable weight vector. The
algorithm tries to estimate the actual signal (u,[k]) by chang-
ing the adjustable weight vector using a weight-updating rule.
Therefore, it is assumed that the weight vector is unknown.
The estimated signal (i1, [k]) can be calculated by multiplying
the estimated adjustable weight vector Wa [k] by the known
vector X, [k]. The adjustable weight vector is:

R U R SO Ugea1T
Wa[k] = I:Glav Higy ... GNas Hya, Udea, — rca:l (23)
a

The error signal e, [k] is the difference between the desired
and estimated signals, and can be calculated as e,[k] =
uq[k]—i,4[k]. The weight vector is updated with the Widrow-
Hoff updating rule and is specified as follows:

Xalklealk]

Walk + 1] = W, [k] + Oéadam

(24)

where a4, 1S the reduction factor with a practical range of
0.01-1. The amplitude of the nth harmonic (here the funda-
mental component is required) is estimated using the in-phase
and quadrature-phase components as:

~ ~ 2 ~ 2
Onalk] = \/ (Wen-nalk)” + (Wenalk) 25)
arctan (M), VAV(znfl)a [k]1 =0
Pnalk] = Wan-nalk]
P 7 + arctan (M) W [k] <0
W(anl)a [k] ’ <2n_1)a

(26)
Supervisory Control Unit

The supervisory control unit attempts to select a proper volt-
age vector such that the current-error vector is maintained
within the hysteresis-band and ramps up and down with a
constant modulation frequency and, at the same time, bal-
ance the neutral point voltage. This unit tracks the direction
of the current-error vector by calculating its derivative. If it is
ramping up from the inner hysteresis-band (r; = r|) towards
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Fig. 7 Zero-voltage vector (a)
selection; a balanced neutral
point, b unbalanced neutral
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the outer hysteresis-band (r, = ré = hyew), then one of the
zero-voltage vectors closest to the previous switching state
will be applied (shown in Fig. 7a for balanced neutral point
voltage and Fig. 7b for unbalanced neutral point voltage) until
the current-error reaches the outer hysteresis-band. Once it
hits the outer hysteresis-band, one of the nonzero-voltage
vectors of Table 1 for balanced neutral point voltage or Table
2 for unbalanced neutral point voltage depending on where
the current-error vector tip in the sectors lies is applied. The
same procedure is repeated when the current-error vector is
ramping down. The procedure for selecting the zero-voltage
vectors is illustrated in Figs. 7a ,b. As can be realized from
these figures, Ug, Uy or Uy4 is selected when the previous
non-zero voltage vector that moves the current-error vector
towards Sp has two zero-switching (Z) states, two positive-
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switching (P) states or two negative-switching (N) states,
respectively.

Simulation Results

To validate the performance of the proposed three-level
CF-SVHCC technique, three case studies are simulated for
steady-state and dynamic conditions. Moreover, a compari-
son is undertaken to expose the superiority of this technique
over the conventional AHCC method [24].

Steady-State Performance for TL-NPC Application

To evaluate the steady-state performance, it is initially con-
sidered that the TL-NPC inverter of Fig. 1b is connected to
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Fig. 8 Steady-state response of CF-SVHCC with a 5 kHz switching frequency in grid-connected TL-NPC application

PCC in the absence of the nonlinear loads (grid-connected).
The inverter is assigned to produce the following reference
currents:

I ppa = 10 x sin(wt — /2)
It ppp = 10 x sin(wt — 27 /3 — 7/2) (27)
I pp. = 10 x sin(wt + 27/3 — 7/2)

The system performance is evaluated for a 5 [kHz] switch-
ing frequency. Fig. 8 shows the simulation results. In these
figures, sections (a), (b), (c), (d), (e), (f), (g), (h), and (i)
show the fundamental component of the TL-NPC output
voltages called ideal voltages estimated by the ADALINE
algorithm using the total switching signal (S;,;.), the adap-
tive hysteresis-bands [calculated using (16—18)] and the new
band [calculated using (19)], the angle of the current-error

vector (y) with respect to the «-axis to detect the sec-

tor and area in the alternating hysteresis strategies (shown
in Figs. 4b, c), the changing trend in sectors demonstrat-
ing how the current-error vector moves inside the outer
hysteresis band in order to obtain the predefined switch-
ing frequency, the generated inverter currents, the capacitor
voltages confirming that the proposed technique has man-
aged to balance the neutral point voltage by regulating the
capacitor voltages using the zero-voltage vectors, the cur-
rent vector in SRF, the current-error vector in SRF, and the
harmonic spectrum of the phase-a generated current show-
ing that the maximum harmonic component value roughly
occurs at 5 kHz verifying that the switching frequency
is maintained almost constant, respectively. These results
confirm that the proposed technique produces the refer-
ence currents with a nearly constant switching frequency
in the INP system of Fig. la and balance the capacitor
voltages.
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Fig. 9 Dynamic response of CF-SVHCC with a 5 kHz switching frequency in grid-connected TL-NPC application

Dynamic Performance for TL-NPC Application

Here, as in the previous section, the structure of Fig. 1b is
considered when the neutral point is isolated. However, the
performance of the proposed modulation technique is inves-
tigated for a transient change (a sudden reference change
happening at 0.01 s for a 50% magnitude increase). The
inverter is assigned to produce the following reference cur-
rents at a 5 kHz modulation frequency:

Lipr, = (10 25 15) x sin(or — 7/2)
Lippy = (10 225 15) s sin(or — 2m/3 —7/2)  (28)

Lippe = (10 L5 15) x sin(or +27/3 — 7/2)

Figure 9 reveals the simulation waveforms. The results verify
that the proposed scheme works very well under a sudden
reference change, and, at the same time, keeps the switching
frequency constant.

@ Springer

Dynamic Performance for SAPF Application

In this case, the aim is to apply the proposed approach for
the SAPF application in the INP system of Fig. la for a
10 kHz switching frequency. In this system, two nonlinear
loads are considered. It is assumed that Load 2 is switched
on at 0.14 s. The SAPF control system is shown in Fig.
2. The simulation results for this case study are shown in
Fig. 10. In this figure, sections (a), (b), (c), (d), (e), (f), (g),
(h), and (i) show the estimated ideal voltages, the current-
error vector ramping up and down within 1 = r| and
r1+72(= hpew) = 1| +75(= hpew) With a constant modula-
tion frequency, the angle of the current-error vector (y) with
respect to the a-axis, the changing trend in sectors, the load
currents, the SAPF currents, the source currents, the SAPF
current vector trajectory in SRF, and the harmonic spectrum
of the phase-a source current before and after load change,
respectively. These results expose that SAPF properly com-
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Fig. 10 Dynamic response of CF-SVHCC with a 10 kHz switching frequency in SAPF application

pensates the nonlinear loads (THD% = 27.39%) in the INP
system of Fig. 1a that makes the source current almost sinu-
soidal before (THD% = 3.46%) and after (THD% = 2.48%)
the sudden load change using the proposed modulation
technique.

Comparison Study

Multilevel SAPFs are progressively being used in high-
power applications due to their high voltage and high current
handling capability. In most high-performance SAPF appli-
cations, HCC is commonly used because of its simplicity
of implementation, fast current control response and inher-
ent peak current limiting capability; however, the modulation
frequency varies within a fixed band producing non-optimum
current ripples. To overcome this drawback, the AHCC mod-
ulation has been proposed in the literature [24]. However,
when AHCC is employed in INP systems, interphases depen-

dency breeds very high-switching frequencies. To overcome
these drawbacks, this paper proposed the vector-based mod-
ulation technique in SRF that eliminates the switching
frequency variation of HCC and the interphases dependency
of AHCC. Fig. 11 shows the comparison study. As can be
realized from Figs. 11a, d, g, when the AHCC is applied in
the three-phase grounded neutral point system of Fig. 1b, it
can properly complete its task in maintaining the switching
frequency nearly constant by varying the hysteresis-band,
but when it is used in the INP system of the same sys-
tem, because of the presence of the interacting common
mode current in the system, as shown in Fig. 11b, e, h,
AHCC does not work appropriately. However, the proposed
technique overcomes the interphase dependency by gath-
ering the three current-error vectors in one vector in SRF
and, at the same time, maintains the switching frequency
nearly constant with a lower harmonic content, as shown in
Fig. 11c, f, i.
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Conclusion

In this paper, a new vector-based CF-SVHCC technique
for three-level NPC-based SAPFs has been presented. The
proposed technique is developed in SRF based on two recog-
nized strategies, SVPWM and AHCC. The procedure has
been done in SRF based on SVPWM strategy by convert-
ing the three error-currents to a single vector that can be
located in 12 sectors of the first hysteresis strategy asso-
ciated with the zero-, medium- and large-voltage vectors
and 6 sectors of the second hysteresis strategy associated
with the zero- and small-voltage vectors for unbalanced and
unbalanced neutral point voltages, respectively. As a result,
the interphases dependency, which causes high switching
frequencies in three-phase INP systems, is prevented. The
adaptive hysteresis-bands obtained from the AHCC strategy
are transferred into SRF to determine the outer hysteresis-
band. The number and the position of the error-current
sectors, in which the error-current vector moves, have been
chosen in order to ensure the switching between two adjacent
voltage levels of the inverter. In fact, the supervisory con-
trol unit systematically selects the zero-voltage vectors based
on the data provided from the other units and the nonzero-
voltage vectors in order to prevent high switching frequency
caused by the phase interaction leading to maintaining the
switching frequency constant and balance the neutral point
voltage. The proposed technique retains all benefits of the
conventional HCC including fast dynamic reaction, imple-
mentation simplicity, adjacent voltage vector switching, etc.
The further introduced advantages are constant switching
frequency, interphases independency and neutral point volt-
age balancing. The superior performance of the proposed
method has been exposed through extensive steady-state and
transient simulation investigations in the three-phase isolated
neutral-point power system for both grid-connected TL-NPC
inverter and SAPF applications.
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