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Abstract: This paper presents a new multilevel one-cycle control (OCC) technique for a five-level
diode-clamped multilevel converter (DCMC)-based static VAR compensator (STATCOM). The OCC
algorithm in combination with multi-carrier level-shifted PWM control is used in the proposed
five-level DCMC-based STATCOM. The automatic dc link voltage balance is simply realized by four
voltage compensators presented as the part of the OCC controller. In this paper the OCC principle
of a two-level converter-based STATCOM is reviewed and extended to the five-level DCMC-based
STATCOM. The proposed multilevel OCC control method of the five-level DCMC-based STATCOM
in steady-state and dynamic operation modes is verified by simulation and experimental results.
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1. Introduction

To meet the future energy needs and to address environmental concerns, it is necessary
to utilize renewable energy resources and minimize the usage of fossil fuel. There has been
an extensive growth and development of the renewable energy resources in recent years.
Integration of the renewable energy resources into existing power system presents many
technical challenges such as voltage stability, power quality problems. Today, more than
340,000 wind turbines are installed all over the world [1]. With fixed speed wind turbine,
all the fluctuations in the wind speed are transmitted as fluctuations in the mechanical
torque into electrical power in the grid, which causes severe voltage fluctuations. As a
result, curtailment is often in order as a necessary measure to reduce the grid impact.

Traditionally, switched capacitors and /or compensation inductors have been applied
to the power grid to provide reactive power compensation for voltage support, which can
reduce voltage fluctuations in the transmission line. However, these passive compensators,
switched capacitors and inductors are not effective for voltage support since their response
time is slow, they may produce either over-compensation or under-compensation. They
are discrete in nature and less VAR is available when the voltage is low. To overcome
these shortcomings, static synchronous compensator (STATCOM) has been introduced as
an effective dynamic shunt compensator in transmission and distribution systems [2-16].
Based on solid-state converter topologies, the STATCOMs present fast response time, less
space requirement, higher operational flexibility, and excellent dynamic characteristics
under various operating conditions.

For medium voltage (MV) applications, multilevel topologies become attractive for
high power STATCOMs using commercially available switching devices, such as insulated
gate bipolar transistor (IGBT) and integrated gate commutated thyristor (IGCT) [14]. Since
multilevel converter-based STATCOMs provide less harmonic generation and higher
voltage capability, multilevel STATCOM configuration is a key for the direct connection
to the power grid. The number of the STATCOM voltage levels should be maximized
to obtain sinusoidal output waveforms and be minimized to make the STATCOM less
complicated for reliable power stage and simple control purposes. For high power systems,
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three-level diode-clamped multilevel converter (DCMC)-based STATCOMSs have been
extensively adopted in high voltage power systems.

To reduce harmonic injection into the power grid and realize the transformerless
direct connection, five-level DCMC-based STATCOMSs have been receiving more attention
recently [15,16]. However, the primary obstacle of the five-level DCMC-based STATCOMs
is control complexity to control 24 switching devices and achieve charge balance of four
dc-link capacitors, for example, by using a modified space vector pulse width modula-
tion (SVPWM) and a capacitor current prediction algorithm with or without additional
hardware [15,16]. As far as the implementation of the SVPWM technique is concerned, it is
computationally very difficult to realize. For example, there are 125 switching state vectors
to operate the five-level DCMC-based STATCOM in [15].

A SVPWM-based switching strategy for a five-level DCMC-based STATCOM was
presented without auxiliary power circuits for dc-link capacitor voltage balancing in [15].
The proposed SVPWM method used the redundant switching vectors to mitigate dc-link
capacitor voltage drift. However, this SVPWM method had limits of dc-link capacitor
voltage balancing, depending on its modulation index. For example, when AC-side current
angle was below 10 degrees, the proposed SVPWM method could not provide dc-link
voltage balancing for the operating points above 0.55 modulation index. During the
transient period, the proposed STATCOM operating point also passed through the region
in which dc-link capacitor voltage balancing was not guaranteed.

In [16], a SVPWM switching method for a DCMC-based STATCOM was proposed with
a dc-link capacitor current prediction algorithm. First, the proposed SVPWM switching
vectors were transferred into the 2-D elliptical plane («’f3’ frame) instead of the traditional
af frame to simplify non-integer calculation. Similar to [15], the redundant switching
vectors were used for dc-link capacitor voltage balancing with the help of the additional
high-density FPGA-based hardware to accomplish the complex calculation of the proposed
SVPWM algorithm. In simulation results, the proposed SVPWM algorithm showed better
performance of dc-link capacitor voltage balancing compared to the previous SVPWM-
based switching methods. However, the time delay generated by the optimal value
calculation algorithm would make an effect in the total performance of dc-link voltage
balancing. And it is really difficult to apply the proposed SVPWM algorithm to high-level
DCMC-based STATCOMs.

In [17], a modified SPWM method was proposed in order to balance the two dc-link
capacitor voltages for the three-level diode-clamped inverters. It is based on changing the
boundary offset on the middle point of two carrier signals, which can control the neutral-
point current to ensure balanced dc-link capacitor voltages. However, the boundary offset
on the middle point restricts the compensation capability of the neutral-point potential
when the modulation index is high and this modulation method cannot be directly applica-
ble to the higher level DCMCs, for example, a five-level DCMC since there are more inner
junctions between the dc-link capacitors. In addition, the main drawback in this approach
is also the restricted stability in order to obtain a simple control strategy.

In [18], a new carrier-based SPWM method with voltage balancing capability was
proposed for the five-level diode-clamped back-to-back converter. For the back-to-back
configuration, the unbalance tendencies of both sides (a rectifier and an inverter) have a
potential to compensate each other because of the symmetry. By controlling proper offset
voltages on both rectifier and inverter sides, the average current flowing into the inner
junction can be adjusted to be equal to that flowing out from it. Then, the voltage balancing
of the inner junction can be achieved. However, this voltage balancing method can be
only applied to the back-to-back configuration, not the single type five-level DCMCs. In
addition, the switch angles cannot be directly controlled in the proposed SPWM control.
Instead, the offset voltage of each inner junction should be calculated and added to the
phase voltage reference, which is not the sinusoidal reference.

A closed-loop neutral-point voltage balancing method based on carrier-overlapped
pulse width modulation (COPWM) is proposed for the five-level diode-clamped multilevel
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inverters in [19]. The COPWM method is a new carrier-based PWM modulation method,
which satisfies the volt-second balance principle and has the voltage balancing ability for
neutral-point-clamped (diode-clamped) multilevel converters. All the switching signals
are obtained by comparing one reference voltage with four carrier signals. However, the
generation of the four carrier signals require complex calculation by a DSP chip. Most of all,
the four dc-link capacitor voltage balancing is achieved by three steps: (1) voltage balancing
between the two outer capacitors, (2) voltage balancing between the two inner capacitors,
and (3) voltage balancing between the two inner and the two outer capacitors, which also
require complicated calculation and control procedure by the DSP chip. In addition, the
harmonic performance of the COPWM method is worse than the phase-disposition PWM
methods with the same voltage levels and carrier frequency. Finally, the proposed COPWM
method is only applicable when each dc-link capacitance is the same.

In [20], a modified inner-hexagon-vector-decomposition-based space-vector mod-
ulation (VDSVM-H1) method was introduced in order to obtain the capacitor voltage
balancing with high modulation index and high-power factor by introducing six new
vector sequences to each triangle and applying a new vector selection rule. However, the
VDSVM-HI1 control method has two drawbacks in practice. First, the power factor is very
small when the converter works as an active power filter, which brings little challenge to the
voltage balancing control. Second, since an error exists between the reference vector and
the actual synthesized vector, the magnitude and phase errors increase with the increasing
dwelling time of transitional vectors.

A new hybrid voltage balance method was proposed for the five-level DCMCs in [21],
where additional flying-capacitor-based auxiliary circuits were used to balance the upper or
lower two capacitors, along with a zero-sequence injection method to balance the midpoint
voltage. Based on this hybrid approach, the voltage stresses of power devices can be
equalized, and the current ripples of inductors can also be suppressed. However, the
proposed hybrid voltage balance method requires the auxiliary circuits to balance the
upper or lower two capacitors, which need two flying capacitors and inductors, and eight
IGBTs with freewheeling diodes for each phase.

As mentioned above, when the voltage level of the DCMC-based STATCOM s increases,
the real-time SVPWM balancing control of the dc-link capacitors becomes an enormous
challenge. Since thousands of switching space vectors require real-time process, it is
extremely time consuming and burden for real-time controller implementation.

The main motivation of this paper on the five-level DCMC-based STATCOM:s focuses
on developing a simple control method which provides automatic voltage balancing of the
dc-link capacitors and dynamic voltage regulation for the power grid. The proposed control
method can be easily extended to the high-level DCMC-based STATCOMs by increasing
the number of the voltage compensators and the control core circuits and be applicable to
other multilevel converter-based STATCOMs, for example, a cascaded multilevel converter
(CMC)-based STATCOM.

In this paper, a new five-level DCMC-based STATCOM is proposed using a simple one-
cycle control (OCC) [22-26] based on the level-shifted multilevel control, which presents a
simple multilevel control approach with automatic dc-link voltage balancing. Compared
to the conventional level-shifted control, the proposed level-shifted OCC of the five-level
DCMC-based STATCOM has the variable amplitudes of four carrier signals instead of
the fixed amplitudes. With variable amplitude control of the four carrier signals, the dc-
link capacitor voltages automatically become balanced and equal to the reference voltage
(Vpc/4) for the five-level DCMC-based STATCOM. Applying the proposed multilevel
OCC method, voltage regulation at the point of common coupling (PCC) is achieved by
dynamically changing the control reference for proper reactive power compensation. The
most important merit of the proposed multilevel OCC method is to reduce a heavy comput-
ing burden. Especially, this merit is very effective in controlling high-level DCMC-based
STATCOM:Ss. In this paper, the voltage regulation equations of the proposed multilevel
OCC for the five-level DCMC-based STATCOM are derived to describe its capability of
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voltage regulation at the PCC. Simulation and experimental results are presented to verify
the proposed five-level STATCOM operation and the multilevel OCC performance during
steady-state and dynamic operation modes.

2. Principle of One-Cycle Control for STATCOMs

STATCOMSs improve the power factor and the power quality by providing the com-
pensation current for the power grid. To accomplish this goal, the grid voltages are sensed
and synchronized in generating the compensation current of the STATCOMs.

Figure 1 shows a five-level DCMC-based STATCOM configuration. The MV grid is
represented by a three-phase voltage source and a three-phase load with the proposed
five-level STATCOM connected in the PCC. However, if needed, the STATCOM can also
be connected through the step-up transformer to high voltage transmission systems. The
proposed five-level STATCOM system is comprised of three main parts: a five-level DCMC,
a set of coupling inductors or a step-up transformer, and a STATCOM controller. First, the
five-level DCMC has four dc-link capacitors (C1-Cy) to produce a five-level output phase
voltage (V4n). In each phase leg, there are four complementary main switches (S41-Sa4
and S4'1-S 44 for the phase-A leg, Sp1-Sps4 and Sp'1-Sp's, and etc.). The voltage stress of
each main switch is limited to one dc-link capacitor voltage (Vpc/4) thanks to the clamping
diodes. Second, the main purpose of the coupling inductors is to filter out the harmonic
components of the injected reactive current, which are generated by the pulsating output
voltage of the five-level DCMC. Third, the STATCOM controller performs reactive power
compensation by controlling the gate signals of the main switches, based on the measured
grid phase voltages, grid phase currents, and dc-link capacitor voltages.

The proposed control method of the five-level DCMC-based STATCOM is based
on injecting the compensation current into the power grid using the OCC controller. To
derive the multi-carrier level-shifted OCC control equation of the five-level DCMC-based
STATCOM, the main principle of the OCC method for a two-level voltage source converter
(VSC) is reviewed first. For the three-phase two-level VSC, the relationship between the
duty ratios of the VSC switches and the grid phase voltages can be defined as follows [25]:

dgar 1 Va
dspr — | Vs 1)
dsc/

B VDC VC
where dsy, dgp, dgc’ are the duty ratios of the bottom switches (S 4, Sp, S¢’) in the two-level
VSC and Vpc is the dc bus voltage, and V4, V, V( are the grid phase voltages.
One possible solution for (1), containing singular matrix and thus having no unique
solution can be defined as follows:

WIN
| WI—W—=

WIN

Q== |
Q= | W=
WIN

K
[dSB']=K1+V2[VB 2)
dgcr be | v
Assume K, = —1, then from 0 < d < 1, K; can be defined as:
Vi Vi
— <K <14 "+ 3
Vbe ! Vbe )

where V4 /Vpc is a modulation index and for the three-phase VSC with sinusoidal PWM,
its maximum value is equal to 1/ V/3. Thus, based on the defined K; and K5, (2) can be

rewritten by:
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Figure 1. Five-level DCMC-based STATCOM with coupling inductors.

The control goal of the reactive compensation for the STATCOM is to realize the
following relationship between the grid phase voltages and the grid phase currents to
achieve power factor correction (PFC) operation for the power grid by the reactive currents

of the STATCOM.:
ica+ iéA 1 Va
igg + iéB = R \%:! 5)
ige + iéC E Ve

where R is the emulated resistance, V4, Vp, V¢ are the grid phase voltages and ig4, icp,
igc are the grid phase currents, and i"ca~i"cc are the STATCOM current references which
can be defined as follows:



Energies 2021, 14, 1830

6 0of 30

i&a Va K, AVpeca
ity | =JGr| VB | = <Kp + s) AVpecB (6)
i&c Ve AVpecc
where Gg is the reference conductance related to the voltage fluctuation at the point of the
STATCOM connection, Kp and K; are the proportional and integral coefficients related to
the grid impedances, and AVcca, AVpec, AVyecc are the voltage variations at the PCC.
Combining (4) and (5) yields the control key equation of the three-phase two-level
STATCOM, of which the reactive compensation strategy can be achieved by controlling
the VSC switches in such a way that the duty ratios, the grid phase currents, and the
compensation currents satisfy the following equation:

Rs-iga + Vicaref 1—/3dgu
Rs-igp+ Viceres | = V| 1—V3dsp @)

Rs - ige + Viccref 1—V3dse

where Vy, = Vpc Rs/+/3RE, Rs is the sensing resistance of the grid phase current and ig4,
iB, igc are the grid phase currents, and Vicjrer = Rs - i*cj atj=A,B,C.

In (7), the emulated resistance (Rg) of the STATCOM system is adjusted by the duty
ratios of the bottom switches in the two-level VSC during each switching cycle to keep the
dc bus voltage (Vpc) at the constant level.

A similar approach is developed for the higher-level DCMC-based STATCOMs with
the level-shifted carrier signals. For the five-level DCMC-based STATCOM, four level-
shifted carrier signals (V¢ar1-Vears) are arranged so that they fully occupy contiguous bands
in the range of (—Vpcs — Vpca) to (Vpc1 + Vpez). The three-phase sinusoidal control
references are then compared with these carrier signals to determine the switched voltage
level. The five-level STATCOM is switched to (Vpc1 + Vpca) when the control reference is
greater than four carrier signals by switching the first upper switch (Sa1, Sp1, Sc1) and its
complementary switch (S'1, Sp'1, Sc'1)- Then the STATCOM is switched to +Vpc, when
the control reference is greater than three lower carrier signals (Vegr2, Vears, Veara) but less
than the upper carrier signal (V1) by switching the second upper switch (Sa2, Sp2, Sc2)
and its complementary switch (Sar2, Spr2, Scr2). The STATCOM is switched to zero (N)
when the control reference is greater than two lower carrier signals (Vear3, Viara) but less
than two upper carrier signals (Viar1, Vearz) by switching the third upper switch (S43, Sp3,
Scs) and its complementary switch (S43, Sp'3, Sc’3). Similarly, the STATCOM is switched
to —Vpcs when the control reference is greater than the lower carrier signal (V¢4r4) but less
than three upper carrier signals (Vear1, Veara, Vears) by switching the fourth upper switch
(Sa4, Spa, Sca) and its complementary switch (S4'4, Sp'4, Sc’a). Finally, the STATCOM is
switched to (—Vpc3 — Vpca) when the control reference is less than four carrier signals.

Based on the above five-level carrier-based modulation, the control key equation of
the three-phase five-level STATCOM can be represented by the following equations:

Rs-ica + Vicaref 1—3dsan
[ Rs - igp + VicBref ] = Vim [ 1—V3dgp ]
Rs ige + Viccrer 1—3dscn
[ 1—3dspn ]
=V | 1—+3dgpn
| 1—V3Bdsen | ®)
[ 1—/3dgas ]
=Vus| 1- \/gdszg/g
| 1—V3dsers |
[ 1—3dgps ]
= V| 1—+/3dspy
| 1—V3dscr |
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where V;;1-Vju4 are the carrier amplitudes of four level-shifted carrier signals, depending
on each dc-link capacitor voltage (Vpc1-Vpca), Rs is the sensing resistance of the grid
phase current and ig4, icp, igc are the grid phase currents, and Vicjr = Rs - i*cj atj=A,
B, C.

For the three-phase five-level DCMC-based STATCOM, the OCC control equation can
be expressed as follows:

Rs+iga + Vicares 1—/3dgu;
Rs -ice + Vicsref | = Vmj| 1—V3dsp; )
Rs -ige + Viccref 1—+/3dscj

where j =1,2,3,4 and Vij = Vpcj Rs /v/3Rg, and dg Ajr dSBrj, dscrj are the duty ratios of the
bottom switches in the three-phase five-level DCMC-based STATCOM.

Figure 2 shows the proposed level-shifted OCC control of the five-level DCMC-based
STATCOM, based on (9). The three sinusoidal control references are compared with four
level-shifted carrier signals (Vur1-Veara) to determine the output voltage levels for each
phase: (Vpci + Vpe2), +Vpea, 0, —Vpes, (—=Vpes — Vpea). The eight main switches per
phase are controlled as complementary pairs (541, Sa'1, etc.). As shown in Figure 2, the first
upper carrier signal V1 has V;;1 amplitude and determines the switching status of the
first upper switch (541, Sg1, Sc1) and its complementary switch (Sa'1, Sp'1, Sc’1). Similarly,
the second upper carrier signal Vs, has Vi, amplitude and decides the switching status
of the second upper switch (Sa2, Spa, Sc2) and its complementary switch (Sa72, Sp2, Sc2)-
For the other two carrier signals (Vur3, Vears), the same control approach is applied to
determine the switching condition of the related main switches.

For the sinusoidal control reference of Phase-A, the line period is divided into four
operation regions, according to where the control reference signal lands, named as I, II, I1I,
and IV.
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Figure 2. Proposed multi-carrier level-shifted OCC control with variable carrier-amplitude.

Table 1 shows the five-level STATCOM output voltages (V 4n) and their switching
states of Phase A. In region I in Figure 2, the STATCOM output voltage is switched between
Vbci1 + Vpez and Vpea by the first upper switch S 41 and its complementary switch S4/1. In
addition, the other upper switches (542-544) are kept on in region I. Similarly, in region 1II,
the second upper switch S45 and its complementary switch S 4-» are switched to provide the
STATCOM output voltage between Vpcy and 0. In this region, the first upper switch S41 is
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turned off, and the other two upper switches (543, Sa4) are always turned on to provide
the neutral point connection (0 or N) in Figure 1. For region III and IV, the same switching
approach is applied to produce the negative STATCOM output voltages. From Section 2,
the control key equations of the five-level DCMC-based STATCOM for four operation
regions of Phase A can be derived in Table 2.

Table 1. Switching states and STATCOM output voltages of phase A.

Van
S S S S Sar Sa- Sar Sar
Al A2 A3 A4 A1 A2 A3 A’4 PWM-ON PWM-OFF
I PWM ON ON ON PWM OFF OFF OFF +Vper + Vpea +Vpea
11 OFF PWM  ON ON ON PWM OFF OFF +Vbea 0

111 OFF OFF PWM  ON ON ON PWM OFF 0 ~Vpes

13% OFF OFF OFF PWM  ON ON ON PWM ~Vpes —Vpes — Vbea
Table 2. Control key equations for four operation regions of phase A.
Switching State I Switching State II Switching State III Switching State IV
Control Key Rs-iga + Vicare Rs-iga+ Vicars Rs-iga + Vicare Rs-iga + Vicare

Equations = Vo + Vinr-dsa1 = Vimo-dsan =—Vmz + Viz-dsas = —(Viuz + Vina) + Vina-dspa

Region Selections

Vima = Rsiga +
Vicarf S (Vin1 + Vino)

~(Ving + Ving) =
Rsiga + Vicars < —Vms

—Vms = Rs-iga + Vicarf
<0

0 = Rsiga + Vicarf
<V

Region I Region II Region III Region IV

3. OCC Controller for DCMC-Based STATCOMs

The proposed OCC controller for the five-level DCMC-based STATCOM is shown
in Figure 3. The four-carrier level-shifted OCC controller is realized using a clock signal
(CLK), four integrators, four comparators, four RS flip-flops, and four reset switches for
PWM generation. The four-channel voltage compensators and the level-shifted carrier
generators produce four carrier ramps and four level-shifted carrier signals. In detail,
the four identical voltage compensators (Gpc1-Gpca) determine four carrier amplitudes
(Vin1-Vima) depending on deviation of each dc-link capacitor voltage (Vpci1-Vpca) from the
reference voltage V'pe (=Vpce/4). To compensate the dc-link capacitor voltage variations,
the equivalent STATCOM resistance (Rg) is adjusted by each carrier amplitude (V;1-Viu4)
in (9).

The transfer function of the four identical voltage compensators Gpc;(s) can be ob-
tained as follows [26]:

(1 + wzsmi>

S - <1 + W;mi)

where K,,; is the proportional coefficient, w,,,; is the zero far below the zero crossover
frequency, and wy,;; is the pole located right at the zero crossover frequency.

AVii _ f
mi

1

(10)
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OCC Controller for Five-Level DCMC Based STATCOM
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Figure 3. OCC control circuit of the five-level DCMC-based STATCOM for Phase A.

Using the four integrators with reset and three adders, the four level-shifted carrier
signals (V¢ar1-Vears) are generated with the different amplitudes and dc-level shifts. The
proposed level-shifted carrier signals can be respectively represented as follows:

Vit (£) = %1 St Vi (1)
Vra(t) = 212 (12)

Virs () = ‘%3 Vs (13)
Veara(t) = VTL; ot — (Vinz + Vina) (14)

where 0 <t < T, Ts is the period of the carrier signals, and V,;1-V ;4 are the amplitudes of
the four carrier signals.

The maximum amplitude of the four carrier signals can be decided by the supply
voltage or the maximum differential input voltage of the comparators. Since the maximum
input voltage of the (—) input terminal (V4,1) of the first upper comparator in Figure 3 is
(Vin1 + Vinp), one-quarter of the supply voltage can be selected for the maximum amplitude
of the four carrier signals. For example, if the supply voltage of the comparators is
£15 V~=£18 V, the maximum amplitude of the four carrier signals is 3.75 V~4.5 V. The
minimum amplitude of the four carrier signals can be the minimum output voltage of
the op-amps in the OCC controller or zero. When the amplitude of the carrier signal
reaches its minimum value, the voltage control of the related dc-link capacitor by the
carrier signal is somewhat limited during minimum value operation cycles but the total
dc-link capacitor voltage balancing would be continuously handled by the other carrier
signals and dc-link capacitors.

The resulting level-shifted carrier signals (Vear1-Veara) with variable amplitudes and dc-
level shifts are shown in Figure 2. When the four dc-link capacitor voltages (Vpci1-Vpca) are
out of balance due to any reason or there are dynamic load changes, the four-channel volt-
age compensators continuously adjust the amplitudes of the four carrier signals (Vy,1-Viy4)
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to stabilize each dc-link capacitor voltage based on the reference voltage (Vpc/4). In addi-
tion, OCC double-edge modulation can be also used in the proposed OCC controller for the
DCMC-based STATCOM to provide high-quality output voltage with reduced harmonics.
With the proposed variable amplitude control of the carrier signals, each dc-link
capacitor voltage can be properly balanced and equal to the reference voltage even under
different dc-link capacitances (C1-C4). The actual duty ratios of the main switches for the
phase-A leg (Sa1-S44) are achieved by comparing the control reference (Rs-ica + Vicaref)
with the four level-shifted carrier signals in the level-shifted PWM block. When the
amplitude of the carrier signals reaches its maximum value, the voltage control capability
of the related dc-link capacitors is limited, including overmodulation condition.
The control system of the five-level DCMC-based STATCOM is shown in Figure 4.
The proposed level-shifted OCC controller produces the control references for the current
control loop and generates the gate signals for the five-level STATCOM. In addition, the
voltage control loop generates the STATCOM current references for the reactive compen-
sation which is implemented with proportional and integral (PI) control algorithm. For
voltage regulation in the power system, the reactive power compensation is realized by
controlling the injected or absorbed reactive current of the five-level STATCOM.
Assuming that there is a voltage sag (+AV4) in Phase A, the five-level STATCOM
tries to regulate the grid voltage and make it come back to normal. From the multilevel
OCC control Equation (9) of the five-level STATCOM, the following control equations can
be derived to compensate the voltage sag and regulate the grid voltage within the standard.
In region I of Figure 2, since the STATCOM output voltage is only switched between
Vbc1 + Vpez and Vpes by the first upper switch S41 and the other upper switches (S42-544)
are kept on from Table 1, the voltage regulation is only controlled by the first upper switch
Sa1 in region I as follows:

Rg-iga + (Kp + %) (VArgf — VA) = Rg-iga + (Kp + %) (+AvpccA)

(15)
= Vml (1 - \/§dSA/1)
From above, the duty ratios of the first upper switch S41 (dsa1) and its complementary
switch S41 (dsa1) can be derived as follows:

1 1

. K;
dopyri = —=— ———|Rg -1 +(K +> +AV, ] 16
SA1= BT By [ s iGA Pt ( ecA) (16)

dsa1 =1—dgan = (1 — %) + \/§1le [RS “iga + (Kp + IZ[) <+AvpccA>:| 17)

From (17), it is clear that the duty ratio of the first upper switch S41 (dsa1) increases
by the voltage sag (+AV).ca) in Phase A and the STATCOM output voltage (Van) can be
increased by the duty ratio (ds41) to inject the reactive power into the power grid for the
voltage regulation.

In region 11, since the second upper switch S4, and its complementary switch S4
are only switched to provide the STATCOM output voltage between Vpcp and 0 as shown
in Table 1, the voltage regulation is achieved by the second upper switch S,4; in region II
as follows:

Rg-iga + (Kp + %) (VAref — VA> =Rg-iga+ (Kp + %) (+AvpccA)

= V2 (1 - \/§d5A/2) (19
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Figure 4. Control diagram of the five-level DCMC-based STATCOM.
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Similarly, the duty ratios of the second upper switch Sa, (dsa2) and its complementary
switch S 42 (dsa2) can be expressed as follows:

1

1 ) K;
doprn = — — ——— |Rg -iga + | Kp + — | (+AV, 19
sa2= 7 \@sz[ s iga ( Pt )( pccA)] (19)

dsap =1—dspn = (1 - \1[3> + \@1\/,,12 [Rs iga + (KP + I?) (+AVpccA)] (20)

From (20), it is also clear that the duty ratio of the second upper switch S, (dsa2)
increases by the voltage sag (+AV)4) in Phase A and the STATCOM output voltage (Van)
can be also increased by the duty ratio (ds42) to inject the reactive power for the voltage
regulation in region II.

In addition, the voltage regulation of the proposed STATCOM in region II can be also
explained by Table 2. In region II, the control key equation of the STATCOM is given by:

. ) K;
Rs-iga+ Vicaref = Rs-iga + <KP + S) (+AVpeca) = Vimz - dsan (21)

From above, the duty ratio of the second upper switch S4» (ds42) can be expressed

as follows: . X
dsar = Vo [Rs iga + (KP + I) (+AvpccA)] (22)
m2 5

From (22), when there is the voltage sag (+AV)4) in Phase A, the STATCOM output
voltage (V4n) can be increased by the duty ratio (ds42) to inject the reactive power into the
power grid for the voltage regulation in region II.

For the diode-clamped multilevel converters, a major challenge is to keep all dc-link
capacitor voltages balanced, which was achieved with an extra voltage-balancing circuitry
or a specific voltage-balancing control previously. For example, a modified SPWM method
was proposed in [17] in order to balance the two dc-link capacitor voltages for the three-
level diode-clamped inverters. It is based on changing the boundary offset on the middle
point of two carrier signals, which can control the neutral-point current to ensure balanced
dc-link capacitor voltages. However, the main drawback in this approach is the restricted
stability in order to obtain a simple control strategy.

Figure 5 shows the proposed four-carrier level-shifted OCC control algorithm of the
proposed five-level STATCOM to maintain the dc-link capacitor voltage balance in region I
and IL

For the detailed analysis of the dc-link capacitor voltage balance, the two dc-link
capacitor currents (ic1, ic2) in region I can be described by the following expressions:

. dVpcr . )
ic1=0C g — lcHal —ipisi
. dVDCZ . . .
ico=0C 5 = laiticHa —ipis2 (23)

Similarly, the two dc-link capacitor currents in region II can be expressed as:

. dVpc1 -
ic1=C g = ipisi
. av, . . .
icp =C CZCZ =1Ic1 +IcHA2 — IDIS2 (24)

Assuming that the four dc-link capacitors (C1-C4) have the same capacitance, when a
disturbance causes imbalance in the two upper dc-link capacitor voltages (Vpc1 > V'oe>Vpea),
a state variable AV is defined as half the difference between the two upper dc-link capacitor
voltages (Vpc1, Vpcea), which should converge to zero with the proposed OCC control. In
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the unbalanced condition, each dc-link capacitor voltage can be defined as a function of
the voltage difference AV by:
Vpc1r = Ve +AV

Vpco = Ve — AV (25)
where
Vbe1 + Vper
Ve = 2
AV — Vbci ; Vb (26)
A
Rs A5V ref ; Vit
ZaZZ
Lo
-
] ) [ >
«> l
TdSA1I(n+1): |
+ b :
Tasai(n) i
Ts
(a)
A
Verl
Rsis+V ,
S 1s Iref : T / / >
1 i :
TasAz(n) :
N :
}
«——p
Ts !

(b)

Figure 5. Proposed four-carrier level-shifted OCC PWM control of the proposed five-level STATCOM
in region I and II. (a) Vcrl carrier signal modulation when Vpcq > V'pe; (b) Ver2 carrier signal
modulation when Vpey < Vpe.
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In order to maintain the dc-link capacitor voltage balance, the proposed control of the
five-level STATCOM in region I and II is shown in Figure 5. From Figure 5a, the duty ratios
of the S 41 switch under an unbalanced dc-link condition can be described as follows:

Tysarn)y  Rs-ica+ Vicares — Vm2
dsa1(n) = Ts Vo
m

A 1(ms1) = Tisa1(n+1) _Rs- ica + Vicares — (V2 — AVin2)
Ts Vi1 + AV

where dsa1(,) and dsa1(41) are the duty ratios of the S41 switch at the (1), and (1 + 1)y,

switching cycles, and

(27)

Vo = Vpcir - Rs
" V3R
Rs Rs
AV, = —— - AV, = —— AV 28
ml V3R, DC1 V3R, (28)

From (27) and (28), the duty ratio variation of the 541 switch (Adga1) to compensate
the unbalanced dc-link capacitor voltages can be obtained by:

—AVpeim) [Re(ica+iE 4)+Veam) ] +8Vpea(m) Vpein) —Voeim) (Voein) +Vbea(n))

Adsar = dspr(ns1) — dsa1(n) = Vet Vocrm +8Vbcin) (29)
Assuming Vpci) >> AVpcim), the above equation can be simplified as:
AVper . » AVper (Vbcim) + Vbeam))
Adsay = —Vzi(n)[RE(ch +ica) + Vpeam) + v w (";) "’ (30)
DC1(n) DC1(n) DC1(n)

From (23) and (30), it is possible to define the relationship between the duty ratio
variation of the Vcr1 carrier signal and the compensation for the dc-link capacitor voltage
unbalance. The voltage variations of the two upper dc-link capacitors (Cy, C;) in region I
are given by:

AVpcini) = — 2 [Relica +ica) + VDcz( ica +ic4) - AVpoimy + o o (iga +it,)- AVpcam)
C1V5e1(n) 1'VDei(n)
—%(Vpa(m + Vpcamy)(ica +igs) — & - Mpist = A1 - AVpci(n) + A2 - AVpeo) + Act + Acz
Ts
AVpea(nt1) = 6(‘AID151 — Alpis2) = Be1 + Beo (31)

When Vper > Vpe > Vpea, Adgay is negative and Alpjs; is positive in region I.
Therefore, the over-charged C; capacitor voltage (Vpc1) will decrease and the under-
charged or over-discharged C, capacitor voltage (Vpc;) will increase to reduce the dc-link
capacitor voltage deviation, depending on the difference between Alpjs; and Alpysy. In
this unbalanced condition, AVp¢1 is decreasing during each switching cycle to reach the
nominal dc-link capacitor voltage.

Since AVpcim) — AVpcimsn) = (1 — A1)-AVpcim) — A2-AVpeam) — Act — Acz2 >0,
the following compensation control is obtained:

AVpei(nt1)

<1 (32)
AVpci(n)

In this unbalanced condition, AVpc; is decreasing during each switching cycle to
reach the nominal dc-link capacitor voltage. From Figure 5b, similarly, the duty ratios of
the S 45 switch under an unbalanced dc-link condition can be described as follows:
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i Tasazny  Rs-ica+ Vicares
sA2(n) = T Vo

dsnmsn) = Tasaa(nt1) _ Rs-iga + Vicares

Ts Vina — AV
where dsss(,) and dsaoe41) are the duty ratios of the S4 switch at the (1), and (1 + 1)y,
switching cycles, and

(33)

Vi = Vper - Rs
" V3R
Rs Rs
AV,p = —— - AV, = —— AV 34
2 V3R, DC2 V3R, (34)

From (33) and (34), the duty ratio variation of the S4, switch (Ads4») to adjust the
unbalanced dc-link capacitor voltages can be obtained by:

AVpea(n) - Relica +igy)
Voeatn) (Vbeany — BVbean))

Adsaz = dspzni1) — dsaz(n) = (35)

Assuming Vpcam) >> AVpcay), the duty ratio variation of the Sy, switch can be
simplified as:

AVpca
Adspr = dsaani1) — dsazn) = Vzi(”)
DC2(n)

Re(iga +ica) (36)

From (24) and (36), the voltage variations of the two upper dc-link capacitors (Cy, C;)
in region II are given by:

T
AVper(ni1) = é(_AID151) =Ac

Ts . s N2 Ts
AVpea(n1) = 2 Re(iga +ica)” - BVpeam) — ¢ (Blpist + Alpis2) = B2 - AVpey(n) + Bei + Bz (37)
2 2
DC2(n)
When Vpey > Vipe > Ve, Adgas is positive and Alpjs; is also positive in region
II, the over-charged C; capacitor voltage (Vpc1) will decrease and the under-charged Cp
capacitor voltage (Vpc2) will increase to eliminate the dc-link capacitor voltage deviation.
Finally, the voltage variations of the four dc-link capacitors (C1-C4) can be described
as follows:
’T[RE(ICA +ita) + Vocamllica +ics) s lica +ig,) 0 0
AV, CiVier 1'VDC1(n) AV,
DC1(n+1) Ts . o2 DC1(n)
AVpcomiry | 0 G VocszE(XCA +ie) 0 0 AVpca(n)
250(3( ) | 0 0 ?VT;C}Z—WRE(z‘GA +z‘EA)Z 0 igucsrn)
bty 0 0 aﬁ(im +ica) Tzf[RE(ch +i¢a) + Voesmllica +ica) Do) (38)
W(VDUW + Vbex ”’)OCA +ica) % “Alpisi A A, 00 AVpci(n) Aci1+ Acz Al Ay 0 0 AVpci(n) Ac
i *ﬁ'AImsl o ~Alpisz _| 0 B 0 0 | | AVpcy 4 Bei+Bea | _| 0 Ba 0 0 | | AVpeo . Bc
*% - Alpyss — %% - Alpysy S0 0 G o0 AVpca(n) Cc1+Ce2 0 0 G 0 AVpes(n) Cc
Ve v?cw (Vbes(m) + Voeam))lica +i¢4) — (l;*ﬁ Alprsy 0 0 Ds Dy AVpea(n) De1+ Dez 0 0 Ds Dy AVbea(n) Dc

Using (38), the voltage variation vector AVpc(n) can be written by a 4 x 4 matrix A
and the initial voltage variation vector AVpc(0):

AV,
_a DC2(n—1 +C=A"-AVpc(0)+C 39)
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where
A1 <AT—1 L ATB, +A1B§‘2+B§—1)A2 . .
A" = 0 B; 0 0
. 0 G 0 (40)
0 0 (Cgfl +C§72D4+-~~+C3DZ*2+DZ*1)D3 Di
andC:[A”+A”—1 ...... +A+I]B

From (38)—(40), it is clear that the voltage variations of the four dc-link capacitors
become zero in steady state, even though there are some voltage variations of the dc-link
capacitors in the beginning or induced by some perturbation. Based on the proposed
four-carrier level-shifted OCC control, dc-link capacitor voltage balance can be successfully
achieved. It is also clear that the stabilizing time required to eliminate the dc-link voltage
unbalance is proportional to the dc-link capacitance and inversely proportional to the
amplitude of the input current. However, the proposed multilevel OCC controller may
have limited control capability of the dc-link voltage balance during AC network failures
since the low AC voltage over a long period prevents the proposed multilevel OCC
controller from switching the first upper switches in region I to control the upper dc-link
capacitor (C7) voltage. During the low AC voltage condition, the proposed multi-carrier
level-shifted OCC control loses its controllability of the dc-link voltage balance.

For region III and IV, the same control approach is applied to regulate the grid voltage
from the voltage variation at the PCC, for example, the voltage sag (or swell). Finally, it is
concluded that the voltage variation (sag or swell) can be automatically compensated by the
proposed five-level STATCOM with the multilevel OCC controller for all operation regions.

4. Simulation and Experimental Results
4.1. Simulation Results

The proposed five-level DCMC-based STATCOM with the OCC controller for reactive
power compensation has been verified by simulation using MATLAB/Simulink. The
simulation circuit model presented in Figure 6 is composed of: a three-phase voltage
source (V4, Vg, V¢), two three-phase RL-loads (R1L1, RyL;), and the shunt-connected
five-level DCMC-based STATCOM with coupling inductors (Lc). IGBTs are used for the
main switches of the proposed STATCOM.

The parameters of the simulation circuit are as follows: V4, Vp, Ve =416 kV/ /3 (rms),
R =150 Q), Ry =300 Q), Ly =350 mH, and L, = 250 mH. The dc bus voltage (Vpc) is 8 kV
and the reference voltage (V'pe) of each de-link capacitor voltage (Vpc1-Vpca) is 2 kV. The
dc-link capacitors (C1-Cy) have the different capacitances to emulate the voltage unbalance:
C1 =13 mFE C; =1.1 mF C3 = 0.8 mF, and C4 = 0.9 mF. The grid line frequency is 60 Hz and
the carrier frequency is 5 kHz. The grid impedance is considered as 0.001 (2-0.5 mH. The
main parameters of the simulation circuit model are listed in Table 3.

To simulate the dynamic behavior of the proposed STATCOM, at the time moment
tc = 0.25 s, the load change switches S; and S, are commutated to change the load from the
RlLl to the Rsz load.
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Figure 6. Simulation setup.

Table 3. Parameters of the simulation system.

Parameter Value
Grid phase voltage (V4, Vp, V) 24 kV
DC bus voltage (Vpc) 8 kV
DC-link capacitor voltage (Vpc1-Vpca) 2kV
Coupling inductor (L¢) 10 mH
DC-link capacitor (C1) 1.3 mF
DC-link capacitor (Cy) 1.1 mF
DC-link capacitor (C3) 0.8 mF
DC-link capacitor (Cy) 0.9 mF
Three-phase RL-load (R;L1) 150 (3, 350 mH
Three-phase RL-load (R;Ly) 300 Q, 250 mH
Carrier frequency 5 kHz
Grid line frequency 60 Hz

Figure 7 shows the simulation waveforms of the STATCOM line-to-line output voltage
(Figure 7a) and phase output voltage (Figure 7b). As can be seen, the phase output voltage
has five output voltage levels and the voltage step is equal to the reference voltage 2 kV, as
the line-to-line voltage has nine output voltage levels with the same voltage step.

Figure 8 shows the four voltage waveforms across the dc-link capacitors with the
proposed OCC balancing technique. It is shown that when the load has a step transient,
the four dc-link capacitor voltages of the proposed DCMC-based STATCOM are equally
balanced in dynamic state even under unequal dc-link capacitances.

Figure 9 shows the four level-shifted carrier signals (Vsr1-Viera) with variable am-
plitudes and dc-level shifts determined by V;1-V;;4 values. Unlike the conventional
approaches with multi-carrier level-shifted PWM control, the amplitudes of the four carrier
signals (Vy;1-Vin4) in the proposed level-shifted OCC controller vary in such a way to stabi-
lize the dc-link capacitor voltages and provide reactive power compensation in accordance
with (9). By comparing the control reference with the four carrier signals, the actual gate
signals are produced by the RS flip-flops. With variable amplitude control of the four carrier
signals, the dc-link capacitor voltages can become balanced and equal to the reference
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voltage (Vpc/4) even under different dc-link capacitances (C1-Cy4). During dynamic load
change, the amplitudes of the four carrier signals become larger first to stabilize the dc-link
capacitor voltages since variations of the dc-link capacitor voltages are rapidly increased.
Then the amplitudes of the four carrier signals are decreasing to provide smaller reactive
power for the light RL-load (RpLy). As shown in Figure 9, the proposed level-shifted OCC
controller rapidly regulates the five-level STATCOM operating conditions in response to
the step change in the reactive loads. However, the minimum amplitude of the carrier
signals impacts on the distortion level of the synthesized multilevel waveforms.

8000 y - | : :
4000
2000 V/div 0|

T

T

-4000

T
L

-8000

0.15 0.2 0.25 0.3 0.35 0.4
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Figure 7. Simulation waveforms of the proposed five-level STATCOM. (a) Line-to-line output voltage
(Vap); (b) Phase output voltage (Vay).

Figure 10 shows the simulation waveforms of the proposed five-level STATCOM
with the multilevel OCC control. The grid phase voltage (V 4), the load current (i14), the
STATCOM current (ica), the grid phase current (ig4), and the two upper dc-link capacitor
currents (ic1, ic2) are shown in Figure 10 when the load has a step transient. As shown
in Figure 10e,f, the two dc-link capacitor currents (ic1, ic2) have the balanced and proper
current direction, following the STATCOM current (ic4). Since the first upper switch Sy41 is
turned off and the second upper switch S, is switched to provide the STATCOM output
voltage between Vpcy and 0 in region II of Figure 2, the second upper dc-link capacitor
current (icp) only has the continuous current flow to generate the STATCOM current (ic4)
in region IL.
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Figure 8. Simulation waveforms of the dc-link capacitor voltages (Vpc1-Vpca)-
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Figure 9. Simulation waveforms of the level-shifted OCC control. (a) Four carrier signals (Vear1-Viara)
and control reference for Phase A; (b) Zoomed carrier signals and control reference for Phase A.
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Figure 10. Simulation waveforms of the proposed five-level STATCOM with the multilevel OCC
control. (a) Grid phase voltage (V4); (b) Load current (ir4); (c) STATCOM current (icn); (d) Grid
phase current (ig4); (e) First upper dc-link capacitor current (ic1); (f) Second upper dc-link capacitor
current (icp).

With reactive power compensation by the proposed multilevel OCC STATCOM, the
grid phase current is in phase with the grid phase voltage and during dynamic load change,
the dc-link capacitor voltages can become balanced with the stabilized dc-link capacitor
currents (ic1, icp) even under different dc-link capacitances (C1-Cy).

Figure 11 shows the simulation waveforms of the proposed five-level STATCOM with
a three-phase diode rectifier load to verify the effectiveness of the proposed multilevel
OCC control method under nonlinear load conditions. In Figure 11, the same simulation
model and parameters in Table 3 have been used except the three-phase diode rectifier,
which is connected to the single-phase RL-load (R1L1). As shown in Figure 11, the four
dc-link capacitor voltages (Vpci-Vpca) of the proposed DCMC-based STATCOM with
unequal dc-link capacitances are stably balanced (2 kV) even under the diode rectifier
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load condition, which produces severe harmonic voltage disturbance in the power grid
system. When the proposed DCMC-based STATCOM is enabled and connected to the PCC,
the highly distorted grid phase current (ig4) with 27.1% total harmonic distortion (THD)
becomes sinusoidal with 8.1% THD.
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Figure 11. Simulation waveforms of the proposed five-level STATCOM with a three-phase diode
rectifier load. (a) Phase output voltage (V 4n) for Phase A; (b) Grid phase current (ig4) for Phase A;
(c) DC-link capacitor voltages (Vpc1-Vpca).

Figures 12 and 13 show the effectiveness of the proposed multilevel OCC control
method on source-side voltage sag and swell conditions. The same simulation model and
parameters in Figure 6 have been used except the voltage sag or swell condition of the grid
phase voltage (V4) from the time moment ¢ = 0.40 s to t = 0.45 s (3 cycles). To emulate the
voltage sag and swell conditions, 0.2 pu voltage decrease in Figure 12 and 0.2 pu voltage
increase in Figure 13 have been considered. As shown in Figures 12 and 13, the four dc-link
capacitor voltages (Vpci-Vpca) of the proposed DCMC-based STATCOM with unequal
dc-link capacitances are stably balanced even under the voltage sag and swell conditions.
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Figure 12. Simulation waveforms of the proposed five-level STATCOM under voltage sag condition.
(a) Phase output voltage (V 4n) for Phase A; (b) DC-link capacitor voltages (Vpc1-Vpca)-

4.2. Experimental Results

A 2 kVA five-level DCMC-based STATCOM prototype was built in Figure 14 for perfor-
mance verification. As the main switches, IGBTs (IRGP4072DPbF) with 2.5 A optocoupler
gate drivers (VO3120) were used in the prototype. In addition, ultrafast diodes (MUR1520)
were also applied to the STATCOM prototype as the clamping diodes. The three-phase grid
phase voltage (V4, V, V) is 120 V and adjustable by a three-phase variable transformer
(Ty). The dc bus voltage (Vpc) is 400 V and each dc-link capacitor (C1-Cy4) is 2.72 mF. Three
2.8 mH coupling inductors (Lc) are used to connect the proposed STATCOM to the power
grid. The grid line frequency is 60 Hz and the carrier frequency is 5 kHz, which are the same
frequencies in simulation. The sensing resistance (Rs) of the grid phase current is 0.5 ().
For dc-link voltage measurement, four isolation amplifiers (AD202KN) are used to sense
each dc-link capacitor voltage (Vpc1-Vpces) with 0.02 V/V gain. Based on discrete analog
circuit, the proposed multilevel OCC controller is implemented. To realize a simple and
flexible controller, field programmable analog arrays (FPAAs) can be used to implement
the analog multilevel OCC controller. The main parameters of the experimental system are
listed in Table 4.

In the test, a 1 kW 1800 rpm three-phase synchronous motor was used as an inductive
load. Figure 15 shows the system configuration under the test.



Energies 2021, 14, 1830 23 of 30

;3: 4000 T T T T T
> B fn n A f A fi fl A 1 L] i ]
 zoooff) A A A A
S l'Jlf'l = H\I ’u | \;i 1}'\ L4 ""J|| fl.'-
T ofi f BEA L O O i 1 L O o 0 O \
> | |’ | ‘| il I | | 1 \ | \ | L. 1
% o000k | {[-1Y) \'J ¥ ” SN \} FRREARY B bl V-
£ = l\.' ALY EB B Y .Y U j VoY h \l.' PRV
< -4000 ! . r . L
G (@
2200 T T T T
" — |
D000 [rimimimimimimimimimim i e i PP e ]
’8 L : i . -
= 1800L I i 1
3]
>° 2200( T T T T
S i Voc2 ]
c_*E 2000 [ AN wjf\-xwv-ﬂmwwpm-/‘«wﬂ.\ LTl P
S i . _ . _
S 1800k 1 i i
(&)
§ 22007 T T T T !
% i Vocs K
= 2000 frormmaa VUV 7 —x“?‘ B N s T S NP "\.,_J“"wﬂ o oot
Q i : v . . J
18001 ' I ' i
2200 T T T T 1
i v 7
2000 "«u'\-u"-‘.—u—uwv'w.-\-‘v"r.—rv_quﬁ_h_h-“_,ung_SLm—m—,w'—\_/m/”H—ww_._;
1800 L | ] | 1 |
0.15 0.2 0.25 0.3 Time (s) 0.35 0.4 0.45 05
(b)

Figure 13. Simulation waveforms of the proposed five-level STATCOM under voltage swell condition.
(a) Phase output voltage (V 4n) for Phase A; (b) DC-link capacitor voltages (Vpci1-Vpca)-

Figure 14. 2 kVA five-level DCMC-based STATCOM prototype.
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Table 4. Parameters of the experimental system.
Parameter Value
Grid phase voltage (V4, Vg, V) 120V
DC bus voltage (Vpc) 200~400 V
DC-link capacitor voltage (Vpc1-Vpca) 50~100 V
Coupling inductor (L¢) 2.8 mH
DC-link capacitor (C1-Cy) 2.72 mF
Three-phase motor load (SM) 1 kW 1800 rpm
Carrier frequency 5kHz
Grid line frequency 60 Hz

It consists of the three-phase variable transformer, the synchronous motor (SM), the
five-level DCMC-based STATCOM with the proposed level-shifted OCC controller, and
phase current sensors (CS4-CSc). The proposed STATCOM is connected to the point of the

motor connection via the coupling inductors, as shown in Figure 15.

The line-to-line output voltage of the proposed five-level DCMC-based STATCOM is
shown in Figure 16. As can be seen, the line-to-line voltage of the proposed STATCOM has
nine output voltage levels with 50 V voltage step. In this test condition, the dc-link voltage
is 200 V and equally shared by the four dc-link capacitors (C1-Cy).

Figure 17 shows that the four dc-link capacitor voltages of the proposed five-level
DCMC-based STATCOM can keep balanced in steady state. During operation, each capaci-
tor voltage is automatically maintained by the voltage compensator without additional
voltage-balancing hardware.
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Figure 16. Line-to-line output voltage (V 4p) of the five-level DCMC-based STATCOM.
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Figure 17. DC-link capacitor voltages (Vpc1-Vpca) of the five-level DCMC-based STATCOM.

Figure 18 shows the experimental waveforms in the transient state when the load
is changed from a resistive to inductive load. In this test condition, the three-phase grid
phase voltage (V 4, VB, V) is 120 V and the dc-link voltage is 380 V, which is equally shared
by the four dc-link capacitors (C1-Cy) at the beginning of the operation. Since the initial
load is purely resistive (Rp), the load only consumes the active power, 1.8 kW and the
proposed STATCOM delivers no reactive power. To evaluate the dynamic performance
of the proposed STATCOM, the load change is made from Rp to Rp + jw,Lo load. In this
case, the inductive load consumes 1 kVAR reactive power (Q¥). For the proposed OCC
controller, the overall control goal is that if the voltage at the PCC is within the standard,
the STATCOM will work to improve the power factor for the power grid or if the voltage
at the PCC is out of the standard limitation, the STATCOM will regulate the voltage at
the PCC.
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Figure 18. Experimental waveforms of the dynamic performance from resistive to inductive load.
(a) Grid phase voltage (V,4), grid phase current (ig4), and load current (ip 4) for Phase A; (b) DC-link
capacitor voltages (Vpc1-Vpca)-

As shown in Figure 18, the proposed five-level STATCOM provides satisfactory
operating performance, including unity power factor for the power grid and dc-link
capacitor voltage (Vpci-Vpcs) regulation in the steady and transient states. However,
since some high harmonics are injected from the three-phase variable transformer (Ty), the
experimental results in Figure 18a show the distorted voltage and current waveforms.

Figure 19 shows the experimental waveforms of the grid phase voltage (V4), the
load current (ir4), and the grid phase current (ig4). In Figure 19, the load current has
some phase delay with the grid phase voltage since the synchronous motor consumes the
reactive power, working as a RL load. With reactive power compensation by the proposed
STATCOM, the grid phase current is in phase with the grid phase voltage and has smaller
amplitude compared with the load current amplitude. Therefore, the proposed STATCOM
can provide power factor improvement for the power grid.

The voltage variation is directly related to real and reactive power variations and is
commonly classified as voltage sag, voltage swell, short interruption, and long duration



Energies 2021, 14, 1830

27 of 30

voltage variation. The voltage flicker happens when there are dynamic variations in the
power system caused by dynamic loads or sources. The amplitude of voltage fluctuation
depends on grid strength, network impedance, and phase angle or power factor of the
dynamic loads. Huge non-linear industrial loads such as electrical arc furnaces, pumps,
welding machines, and rolling mills are known as voltage flicker generators.

In this test, the three-phase synchronous motor is used to create the voltage fluctuation
in the power system. When the output voltage of the three-phase variable transformer is
under the input voltage rating of the synchronous motor, the stator winding is partially
excited and creates a weak rotating magnetic field, which revolves at the designated motor
speed. However, the rotor, due to its inertia, could not follow the revolving magnetic field
since the intensity of the rotating magnetic field is not enough to overcome the rotor inertia
and resistance to the rotation. During this operating condition, the synchronous motor is
not fully synchronized and behaves in the form of a variable impedance load which can
create the voltage flicker in the power system.

Tekstop | [ :
75Vidv - U

A=y

7
1

4 ms/div

Figure 19. Grid phase voltage (V4), load current (ir ), and grid phase current (ig4) for Phase A.

Figure 20 shows the experimental waveforms without and with the proposed five-level
DCMC-based STATCOM, operating under dynamic load change. When the synchronous
motor operates under the rated input voltage, the unstable rotation of the synchronous
motor changes the load current by consuming different active and reactive currents. This
operating condition can emulate the dynamic change of the inductive load.

As shown in Figure 20a, there is about 10% periodic voltage variation or voltage flicker
at the PCC (V)ca), when the STATCOM is not in operation. In Figure 20b,c, the five-level
DCMC-based STATCOM dynamically provides the reactive compensation current (ic4) to
eliminate the voltage flicker and keep the constant voltage at the PCC.
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Figure 20. Experimental waveforms of the voltage flicker compensation. (a) Coupling-point phase
voltage (Vpc4) and grid current (ig4) without compensation; (b) Coupling-point phase voltage
(Vpeea), load current (ip 4), and grid phase current (ig4) with reactive power compensation; (¢) Zoomed
load current (i 4), STATCOM current (ic4), grid phase voltage (V4), and grid phase current (ig4)
with reactive power compensation.

5. Conclusions

This paper presents the five-level DCMC-based STATCOM with the OCC controller for
power quality improvement or grid voltage stabilization. Simulation and experiments have
shown that the proposed five-level OCC DCMC-based STATCOM has excellent steady-
state and dynamic performance for power factor improvement and is capable of stabilizing
the unstable voltage or voltage flicker at the point of the STATCOM connection. The
demonstrated features are very important to stabilize the grid voltage to allow increased
penetration of renewable energy resources (e.g., wind).
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The proposed OCC voltage-balancing technique of the dc-link capacitors is capable of
keeping the dc-link capacitor voltages balanced even when the four dc-link capacitors have
different capacitance or initial voltage condition. However, the proposed multilevel OCC
controller may have limited control capability of the dc-link voltage balance under low AC
voltage conditions. It is suitable for MV high power distribution system applications.
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Abbreviations

The following abbreviations are used in this manuscript:

ocCcC One-cycle control

DCMC Diode-clamped multilevel converter

CMC Cascaded multilevel converter

VSsC Voltage source converter

STATCOM  Static VAR compensator

MV Medium voltage

IGBT Insulated gate bipolar transistor

IGCT Integrated gate commutated thyristor

SVPWM Space vector pulsewidth modulation

PCC Point of common coupling

PFC Power factor correction

FPAA Field programmable analog array
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