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Abstract

Voltage and current unbalance are major problems in distribution networks,
particularly with the integration of distributed generation systems. One way of
mitigating these issues is by injecting negative sequence current into the
distribution network using a Static Synchronous Compensator (STATCOM)
which normally also regulates the voltage and power factor. The benefits of
modularity and scalability offered by Modular Multilevel Cascaded Converters
(MMCC) make them suitable for STATCOM application.

A number of different types of MMCC may be used, classified according to
the sub-module circuit topology used. Their performance features and
operational ranges for unbalanced load compensation are evaluated and
quantified in this research.

This thesis investigates the use of both single star and single delta configured
five-level Flying Capacitor (FC) converter MMCC based STATCOMSs for
unbalanced load compensation. A detailed study is carried out to compare
this type of sub-module with several other types namely: half bridge, 3-L H-
bridge and 3-L FC half bridge, and reveals the one best suited to STATCOM
operation. With the choice of 5-L FC H-bridge as the sub-module for
STATCOM operation, a detailed investigation is also performed to decide
which pulse width modulation technique is the best. This was based on the
assessment of total harmonic distortion, power loss, sub-module switch
utilization and natural balancing of inner flying capacitors. Two new
modulation techniques of swapped-carrier PWM (SC-PWM) along with phase
disposed and phase shifted PWM (PS-PWM) are analyzed under these four
performance metrics.

A novel contribution of this research is the development of a new space vector
modulation technique using an overlapping hexagon technique. This space
vector strategy offers benefits of eliminating control complexity and improving
waveform quality, unlike the case of multilevel space vector technique. The
simulation and experimental results show that this method provides superior
performance and is applicable for other MMCC sub-modules.

Another contribution is the analysis and quantification of operating ranges of
both single star and delta MMCCs in rating the cluster dc-link voltage (star)
and current (delta) for unbalanced load compensation. A novel method of
extending the operating capabilities of both configurations uses a third
harmonic injection method. An experimental investigation validates the
operating range extension compared to the pure sinusoidal zero sequence
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voltage and current injection. Also, the superiority of the single delta
configured MMCC for unbalanced loading compensation is validated.
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Chapter 1
Introduction

1.1 Background Literature

Recent decades have seen a tremendous growth in usage of electrical power
mainly resulting from industrialization and high population growth rate,
especially in developing countries. This has led to more installation of
conventional generating units utilizing fossil fuels and in turn increases
emission of greenhouse gases especially carbon dioxide, methane, and
nitrous oxide. These gases cause an increase in atmospheric temperature
which results in global warming and climate change. With the urgent need of
reducing these gases, clean and sustainable means of generating electricity
using renewable natural sources like wind and solar are now integrated into
distributed grid network as distributed generation systems (DGS). Also, the
integration of these DGS into the distribution network is encouraged by
the market de-regulation. These DGS provide benefits of reduced carbon
emission and increase total power capacity.

However, integrating these DGS results in the power network becoming more
complex and subject to disturbances. The latter is due to the fact that these
DGS are subject to weather conditions, unlike conventional generating
sources. With the utilization of electric vehicles and interconnection of several
electric grids, there is also the need for integrating AC grids with DC grids,
making the distribution network requiring bi-directional flow of power.

An important issue in a distribution network is the current imbalance and
voltage unbalance. The unbalanced load connected across the phases
results in current imbalance whilst unbalanced voltage is caused by fault
conditions across a distribution line and connection of large
single phase loads such as single phase traction drives and arc furnaces.
These conditions cause undesired effects of equipment malfunction, low
power factor and increased line losses. All these challenges pose a serious
concern about how the aging existing electrical grid will cope with these
issues.

A cost-effective solution is to establish a more efficient distribution network
with communication facilities which improve the control of power flow within
the distribution network (i.e. efficient management of electrical power
distribution and consumption). Therefore, power electronic devices are the



_2-

electrical infrastructure required in achieving the efficient control of power flow.
Presently active research has been carried out on the use of Flexible AC
Transmission System (FACTs) [1-13] and High Voltage DC Systems [14-25]
in power flow control.

1.2 Flexible AC Transmission Systems

The growth of distributed generation systems increases the need for flexible
control of power flow in distribution networks, and may introduce transient
stability issues. Reactive power flow causing extra losses in distribution line
conductors is a long-standing problem that worsens as existing lines are
pushed to their capacity limits by increasing loading. Consequently,
controllable network devices known as Flexible AC Transmission Systems
(FACTs) are being increasingly installed at critical points to regulate the flow
of active and reactive powers in distribution networks. These controllable
network devices were initially phase-shifting transformers, fixed or mechanical
switched capacitors and inductors. With the demand for higher flexibility, the
first proposed devices were using series or parallel connected capacitors [26,
27] with Thyristors as the switching devices.

FACTSs devices are generally classified into three groups namely;
1. First generation
e Thyristor Controlled Series Capacitor (TCSC)
e Static VAR Compensator (SVC)
2. Second generation
e Static Synchronous Series Compensator (SSSC)
e Static Compensator (STATCOM)
3. Third generation
e Unified power flow controller (UPFC)

It is important to note that both 15t and 2" generation devices are either shunt
or series connected while the 3 generation combines both series and shunt
devices together.

1.2.1 Thyristor Controlled Series Capacitor (TCSC)

This is a series connected device which regulates active power flow by varying
reactance of the transmission line impedance. These thyristor controlled
series reactors combine both capacitors and inductors as seen in Figure 1.1

(a).
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This has been installed commercially at Kanawa River substation on a 345 kV

transmission line [28], Kayentta substation on a 230 kV transmission line.

Siemens and ABB still have these devices available for customers [29, 30].
C

o e

L

Vs

Thyristor
Switches () )

Figure 1.0.1: Thyristor controlled series capacitor: (a) Thyristor controlled
reactor with fixed capacitors, (b) Variable reactance representation.

1.2.2 Static VAR Compensator (SVC)

This type of device is connected parallel to the grid lines. This generates or
absorbs reactive power to the line either to increase or decrease line voltage.
This is achieved either using thyristor controlled capacitor banks (TSCs) or
reactor banks (TCRs). The circuit representation
of an SVC using thyristor controlled reactors and a model representation
using susceptance Bn to represent reactance Xn are shown in Figure 1.2 (a)
and (b). The reactive power on the line can be controlled by varying
the susceptance Bn assuming the line resistance is negligible. This is also
used for reactive power compensation and oscillation damping.

The drawback of this technology is the calculation required in determining the
number of capacitors and inductors switched in or out at every time instant.
This was first commercially installed in 1970’s for stability improvement and
voltage control [31]. This device is still commercially provided by Siemens,
ABB and GE Grid [32-34].

——— ],

Vs

N

\|»
|

(@)

Figure 1.0.2: Static VAR Compensator: (a) TCR with fixed capacitors, (b)
Variable susceptance representation [35].
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1.2.3 Static Synchronous Series Compensator (SSSC)

Voltage Source Converters have replaced Thyristor switched devices forming
the second generation FACTs devices. The SSSC uses power converter and
reactive elements in controlling the impedance of a transmission line. Similar
to TCSC, an SSSC is series connected to the transmission lines and regulates
active and reactive powers by varying the line impedance. The equivalent
model of SSSC, as shown in Figure 1.3, is a series connected VSC having
variable magnitude V¢ and phase angle 6.. Their variations adjust the active
and reactive power flows through the line. The only practical applications of
SSSC are a laboratory investigation highlighting its various control schemes
[36-38]. Commercial applications are found as parts of UPFCs installed at Inez
substation [39] and Kangjin substation [40].

|V, Os V7|, Or

+Ve|, Oc

Figure 1.0.3: Static Synchronous Series Compensator equivalent circuit
model

1.2.4 Static Synchronous Compensator (STATCOM)

The STATCOM is a shunt connected type of the SSSC. This controls the flow
of reactive power to and from the line by regulating the converter voltage
magnitude and angle. This is applied in voltage regulation and power factor
correction. Figure 1.4 shows the equivalent circuit model of the STATCOM.

The first commercial STATCOM was installed by Kansai Electric power Co.
Inc. (KEPCO) and Mitsubishi Motors, Inverters in 1980 [41] which was using
force commutated thyristors and rated at 20 MVAR. Others are +80 MVAR
STATCOM in Japan (1991) [42]; £+100 MVAR STATCOM at Sullivan
substation (1996) [43]; 8 MVA STATCOM at Rejsby Hede wind farm (1997)
[44]. Many more recent installations by different manufacturers are listed in
[45]. Since STATCOM device is the theme of the thesis, detailed discussions
will be given in section 1.4.
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Figure 1.0.4: STATCOM equivalent power circuit model.
1.2.5 Unified Power Flow Controller (UPFC)

This third generation FACTs device combines both shunt and series
connected devices in the second generation. The series connected controller
regulates the active or reactive power flows through the lines whilst the shunt
connected controller controls the reactive power flow of the line and maintains
the dc bus capacitor voltage to its nominal value [46-48]. The circuit diagram
of the UPFC is shown in Figure 1.5.

Vs

I_VC % Ve
%
[+

STATCOM SSSC

b~

Figure 1.0.5: Unified Power Flow Controller [35].

1.3 Multilevel Converters

Multilevel converters offer an alternative means of realizing medium power
converters for STATCOM applications. This concept dates back to the mid
1970’s [49]. The multiple voltage levels from this type of converters are formed
by stacking extra switches through capacitors, clamping diodes or cascading
converter cells together. Considering a converter with a DC source voltage
Ve consisting of n stacked cells, each cell synthesizes only nth fraction of
Ve, which significantly reduces the voltage stress on the switches within each
cell. The synthesized output voltage waveform being multiple voltage levels
of the source voltage contains less harmonics and lower THD at a low
switching frequency. This results in little or no filter requirements. Although
with their benefits, multilevel converter still poses challenges of cost and
control complexity [50]. A brief review of the well-known types of multilevel
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converters namely Neutral point clamped (NPC) and the Flying Capacitor
Converter (FCC) has been presented in the literature [49-58] and a brief
summary is given below.

1.3.1 Neutral Point Converter (NPC)

This was proposed by Nabae et al in 1981 [59]. The NPC is also known as
multipoint clamped converter [60]. NPC has varies types and are classified
based on the voltage clamping methods, these include diode clamped, switch
clamped, bi-directional switch clamped [61], asymmetrical multi-point clamped
[62], diode capacitor clamped and mutual diode multi-point clamped [63]. The
most basic and used of NPCs is the five-level H-bridge diode clamped
configuration which synthesizes an output voltage having five distinctive
voltage levels: 0, +Vpc/2; -Vpc/2; +Vpc; and —Vpe. A five-level NPC converter
is shown in Figure 1.6.

Each leg of the converter consists of two complementary power switches
(Sa1:Sa3, Sa2:Sa4, Sp1:Sbs, Sp2:Sp4) which are clamped with diodes (Da1-Da2,
Dy1-Dp2). These diodes prevent voltage in one level from interfering with other
levels. It is important to note that switches S1 and S4 cannot be switched on
simultaneously to avoid over voltage. The capacitors Cs and C: provide the
converter neutral point, hence the voltage across both capacitor must be kept
balanced to prevent distorted levels appearing in the converter output voltage.
Three operating states (1100, 0110, and 0011) and nine switch states exist
for this NPC.

Extending this converter for higher voltage levels, higher and uneven power
loss distribution appear across power devices especially clamping diodes.
Also, the DC link capacitor voltage balancing becomes difficult to meet [64-
66].

Dp1

Dyp2

Figure 1.0.6: 5-level H-bridge Neutral Point Clamped Converter [35].
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1.3.2 Flying Capacitor Converter

Meynard and Foch in 1992 proposed the Flying Capacitor (FC) multilevel
Converter [54]. This is also known as the capacitor clamped or floating
Capacitor Converter. This topology is comparable to NPC with the exception
of clamping diodes replaced by capacitors. The application of the floating
capacitor converter is well known [51, 52]. This topology is less applicable in
industrial application because;

e Higher switching frequencies greater than 1 kHz is required for its
capacitor voltages to be maintained at their rated value.

e The circuit is bulky and more expensive due to the high number of
capacitors required.

However, this converter offers more redundant switch states compared to
NPC. This aids switching stress to be shared among the devices.

Figure 1.7 shows a full bridge 5-level FC converter. This synthesizes five
distinct voltage levels of 0; +Vpc/2; -Vpc/2; +Vpc; and —Vpe. The flying
capacitors (C, and Cp) are rated Vbpc/2. Each leg of the converter has two
complementary switching pair S1:S4, S2:S3. There are four operating states
(1100, 1010, 0101, and 0011) with 16 switch states in total for this converter.

Sul |
S2 |

Cb::

Sv3|

Své|

Figure 1.0.7: 5-level full bridge Flying Capacitor Converter[35].
1.3.3 Modular Multilevel Cascaded Converters

One challenge of the multilevel converter topology is the complex control
technique required when the converter is configured for higher voltage levels
and this, in turn, makes it bulky. Also, failure of a particular part either switch
or clamping device could lead to total shut-down of its operation. Whereby in
practice, this down time is costly to power system providers.
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With a modular concept, converters can easily be extended to any required
voltage levels, where the converter total output voltage is the summation of all
sub-module output voltages. Also, a faulty sub-module can be removed and
replaced without affecting the operation of other sub-modules.

The concept of the modular multilevel converter was introduced in the 1960’s
through the cascaded H-bridge topology [67]. This was first practically
implemented by Robicon Corporation in the 1990’s for drive application [68].
This implementation involved a cascade of three H-bridges per phase, a
complex phase shifting transformer setup to supply the DC power
requirements of each isolated H-bridge. The cost of the phase shifting
transformer made it less attractive for high power applications. Nevertheless,
the benefit of its modular nature inspired researchers to further explore this
cascaded converter topology.

In 2002, Lenisacar and Marquart proposed the concept of the modular
multilevel converter [69, 70] which improved the functionality of the multilevel
converter for high power applications. This was based on half bridge converter
serially connected to build up to higher voltages. Two major benefits of this
topology are naturally its modularity and scalability. The converter can easily
scale up its voltage/power rating to meet the application need without a step-
up transformer. This attribute of scalability makes the output voltage waveform
having reduced harmonics and hence lower filtering requirements. This
topology provides fault tolerant capability as it can bypass a faulty module and
reprogrammed to generate a reduced voltage. The switching and clamping
devices used for this topology are rated at module level enabling the use of
reduced voltage stressed devices. Thus, this enhances ease of
manufacturing, maintenance, cost, reliability, and efficiency of this topology.
This topology over the years has been applied for reactive power
compensation [71-73].

14 MMCC-Based Static Synchronous Compensator
(STATCOM)

Voltage source converter based Static Compensator (STATCOM) provides a
smaller footprint, faster dynamics in reactive power response than the Static
Var Compensator using thyristor switch control. In 1996 Lia and Peng [74],
applied the cascaded H-bridge converter as a static Synchronous
Compensator (STATCOM) for reactive power control. This implementation
eliminated the need for complex phase shifting transformer recommended by
Robicon Corporation thus leading to the idea of modular converters for
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STATCOM. The Modular multilevel cascaded converters, in star connection,
has been applied for voltage regulation and power factor correction in
balanced grid systems [75-77]. This topology provides benefits of modularity,
good waveform performance, efficiency, and with the number of sub-modules
being proportional according to the point of connection ac voltage level, it can
be scaled-up to any desired voltage levels without using step-up transformers
[78, 79]. Likewise, MMCC converters in delta connection has been used as
STATCOM in regulating negative sequence reactive power [80].

In this sub-section, the principles of using STATCOM for voltage regulation
and power factor correction are reviewed using phasor analysis. This is
followed by describing briefly two grid synchronization schemes and current
control method commonly applied for STATCOM for either balanced or
unbalance operations. This is necessary since these schemes are used in the
control of the MMCC-STATCOM. Finally a review on the current applications
of MMCC-based STATCOM, the problems and technical challenges are
highlighted.

1.4.1 Principles of Voltage and Power Factor Control by STATCOM

This analysis is performed on a simplified power network with its one line
diagram shown in Figure 1.8. This represents a balanced three phase system
made up of a voltage source Vs, line impedance Zs=Rs+jXs and an inductive
load with impedance Z,=R;+X. and total power P +Q.. A STATCOM
functioning as the voltage compensator, Vc, with variable voltage is connected
to the PCC of the system via its filter with impedance Zc=Rc+jXc and supplies
the reactive power Qc required by the system.

Figure 1.0.8: Single phase circuit representation.

Without STATCOM, the current at the source and load sides should be equal
(is= iL), and the voltage difference between the supply and PCC is AV= Vs -
Vece. Assuming supplying an inductive load and taking PCC voltage as the
reference, (V,. =V£0") the current supplied is expressed as:
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(1.1)

VPCC

The voltage drop due to the line impedance is given as:

PR, +0Q.X, P.X,—OR
AV AV, + jay, = DR TOXs PN mORs (1.2)

imag
VPCC VPCC

This shows that the voltage drop between Vs and Vpcc is mainly due to the
power requirements of the load and line impedance. The phasor diagram
expressing the relationship between Vs, Vpcc and current phasors are given
in Figure 1.9.

_I_j.lk

Figure 1.0.9: Phasor diagram between supply and PCC voltages.
1.4.1.1 Voltage Regulation

According to the above analysis, to achieve |Vpcc|=|Vs|, the STATCOM is
required to supply the correct amount of reactive power. The condition of
achieving this is analysed below. The supply voltage magnitude can be
expressed in terms of the voltage drop AV and Vpcc as:

4 :AV+V;3CC:£VPCC+I%RS +QSXS]+J.B§XS —Oks . (1.3)

pPCcC I/;’CC

Simplifying (1.3) gives,

2 2
2 :(VPCC+ PSRSV+ QSXSJ _’_(RS‘XS _QSRSJ . (1.4)

pPCC I/PCC

v

s

The above expression can be simplified using the supply current equal to the
load current as:

. y PO
fgon + Jisine = - : 1.5
Sreal J Simag VPCC J VPCC ( )

Equation (1.6) is simplified as:
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4 = (VPCC + RSiSrea/ - XSiSimag )z + (XSiSrea/ - RSiSimag )2 : (1 -6)

N

Assuming Rs is negligible and the phase angle between Vpcc and current is
0 (figure 1.9), Equation (1.6) is simplified as:

2

e

s

= (VPCC + (XSiS sin 49))2 + (XSiS cos 0)2

: _ , (1.7)
=V oo + 2V pee X sig sin 0 + |XSiS|

Therefore to achieve |Vs|=|Vpcc|, we set |2Vece Xs is sin6|+| Xs is |*=0, the 6
becomes:

0 = —sin_l[XSiS J (1.8)
pPCC

The expression in (1.7) shows that for |Vs|=|Vecc|, the current injected by the

STATCOM when added to the original load current will make the current

flowing through Zs to lead Vecc by 6 as seen in Figure 1.10.

+j“

A
Figure 1.0.10: Phasor diagram illustrating |Vs|=|Vecc|.
1.4.1.2 Power Factor Correction

To achieve maximum active power transfer in a power distribution system, the
load reactive power Q. is compensated by the compensator Q¢ such that the
supply end reactive power becomes zero, i.e.:

Qs =0, +0.=0,whereQ. =0, . (1.9)
Therefore, the voltage drop across the line impedance becomes:

P, —j0 PR P.X
AV:(RS+jXS) s 77 _ s S

v 7 (1.10)
pPCC pPCC PCC

The above expression shows that the voltage drop across distribution line is

solely due to Ps. This further implies that both unity power factor correction

and voltage regulation cannot be achieved at the same time. The phasor

relationship between Vs and Vpcc is shown in Figure 1.11.
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_j"
Figure 1.0.11: Phasor diagram showing unity power factor correction.
1.4.2 Grid Voltage Synchronization Techniques

For effective control of active and reactive power flow in distribution systems
through power electronic converters connected to the grid, the reference
signal generated by these converters must be in unison with the fundamental
component of the grid voltage (i.e. its voltage magnitude and phase angle).
This should be achieved regardless of the conditions of grid voltages being
unbalance and containing harmonics. A good synchronization technique is
determined by the following criteria;

¢ Ability to stay synchronized under unbalance voltage conditions like
voltage sags and swells.

e Ability to accurately and quickly respond to transient changes.

e Ability to track frequency and phase variations when they deviate
from their real values.

Various grid voltage synchronization schemes have been discussed
extensively in the literature, and these can be grouped either as open loop or
closed loop schemes. Open loop synchronization schemes estimate the grid
voltage frequency and phase angle directly by instantaneously sampling the
grid voltage as shown in Figure 1.12. The major limitation of the open loop
method is its sensitivity to noise, and this can only be addressed by filtering
out distorted signals. Example of open loop schemes include Low pass filter
[81, 82], space vector filter [83], Kalman filter [84-87], weighted least square
estimation [88], energy operator [89] and discrete Fourier transform [90-92].
The closed loop schemes operate by aligning the phase angle of its internal
oscillator with that of the fundamental grid voltage component.
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The loop consists of three parts namely; a phase detector, loop filter, and
voltage controlled oscillator as seen in Figure 1.13. The phase detector
generates the difference between the actual voltage signal and the one
synthesized by the internal oscillator. The high-frequency AC signals are
attenuated by the loop filter. This is either implemented using a low pass filter
or Pl regulator. Examples include SRF-PLL, DDSRF-PLL and CDSC-PLL. For
the purpose of this study, the SRF-PLL and DDSRF-PLL are discussed below
since they are used in the STATCOM control in Chapter 5 and 6.

l‘/f I . v(n '
@) | piscrete v(r) | Frequency S | Voitage ()
=——| sampler ™ Estimation Conifrolled —-

Oscillator
F
_ Phase @
" | Estimation

Figure 1.0.12: Open loop synchronization technique block diagram [35].
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Figure 1.0.13: Closed loop synchronization technique block diagram.
1.4.2.1 Synchronous Reference Frame- Phase Lock Loop (SRF-PLL)

This technique is applicable for balanced grid voltages. The phase detector
comprises of both Clarke’s and Park’s transformation matrices, which
transforms three phase voltages into dq rotating reference frame components
based on Equation (1.11).

[vd}z\/:{cose 005(0—2%) cos(0+2%) :: | (1.41)
v, 3|sin® sin(@ —2%) sin(0+2%) N

Figure 1.14 shows the SRF-PLL structure. The loop filter and the voltage
controlled oscillator forms a closed loop feedback control that forces the d-
component to be zero through eliminating the phase angle error. Under
balanced grid voltage conditions, the bandwidth is set to a high value, thus
resulting in a fast and precise response in detecting the phase angle.



-14 -

For the condition when three-phase voltages are unbalanced, the presence
of the negative sequence component introduces second order harmonic
component on the dqg-components. By reducing the bandwidth of the loop
filter, the effect of the second order harmonic component is reduced but
comes with a consequence of increased delay. From the closed loop transfer
function, the bandwidth of the loop filter can be determined. The transfer
function of the PLL [93] is:
st + K, s2¢w +a)”2

G(s) = = 1.12
() s?+sK, +K, s7+s520,+0,’ ( )

whereK, =20, , K, =w,’and K, is the proportional gain, K; is the integral

gain, C is the damping ratio and wn is the undamped natural frequency.

EAN o I an%—»»@ﬂf s
| 0] | |

_______________________________________________

Figure 1.0.14: Synchronous Reference Frame (SRF-PLL).

With the limitation pose by the PLL bandwidth in extracting positive sequence
component from the unbalanced grid three phase voltages with asymmetrical
fault, filters can be used.

This filter is usually placed before the loop filter as seen in Figure 1.15. The
better the choice of this filter, the more accurate the phase angle identified by
the PLL. The filters used include low pass filter (LPF) [94], moving average
filter (MAF) [95-97], resonant filters [98] and notch filters [94]. All these
introduce additional delays, resulting in slower response speed. A better
synchronization method of decoupling the effects of the positive and negative
sequence components has been used in this research and is discussed
below.

abe
1o

_______________

Figure 1.0.15: SRF-PLL + Filter.
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1.4.2.2 Decoupled Double Synchronous Reference Frame- Phase Lock
Loop (DDSRF-PLL)

This PLL technique uses two synchronous reference frames, i.e. the double
synchronisation reference frame (DSRF) with dq*’ and dq’ rotates with

positive angular velocity w and dq' is rotating with negative velocity -w. The
positive and negative sequence components of the unbalance voltages with

a DSRF are shown in Figure 1.16.
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Figure 1.0.16: Double Synchronous Reference Frame structure.

The unbalance voltage vector expressed in the DSREF, yields:

sinwt  coswt

[+ i i
+1 VY, +1 +1 0 -1 Sll’l(—20)t)
i Iy _y Ly 1.13
Vg vq“ [ dq ]Vaﬂ _J Los(—2a)t) ( )
— _1— r .
-1 V, -1 +1 sm(ZCz)l) -1 0
. ) I 1.14
i vq_1 [ dg 1 af | cos(2at) 1 ( )
) ¢ —sint
where [qun-: [qu—l ]T :{Cosa) sin o, }

Equations (1.13) and (1.14) show that the dg*’ and dq-’ terms comprise DC
terms and oscillatory terms at 2w which both correspond to the magnitude of
positive, negative sequence voltage signals and coupling between both
sequences which results from both voltage vectors rotating in opposite

direction.

The oscillatory terms can be cancelled out using a decoupling network as
analysed in Appendix A.1.
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As shown in Figure 1.17, the DDSRF-PLL is an extension of the SRF-PLL.
The only difference is the presence of the decoupling network used in
cancelling out the 2w oscillatory terms shown in equations (1.13)-(1.14).
Therefore the need of reducing the PLL bandwidth is totally avoided.
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Figure 1.0.17: Block diagram of the DDSRF-PLL.
1.4.3 STATCOM Current Control Method

Once the grid voltage fundamental frequency is properly identified through
PLL, another important aspect is the effective current controller capable of
injecting required currents into the grid. The current injected into the grid by
the STATCOM must maintain a relationship with the voltage at the point of
coupling to deliver the desired reactive power. Various current control
methods have been extensively discussed in the literature [99-104]. Two
current control methods using either SFR or DDSRF are Pl and deadbeat
controllers which can be applied STATCOM operating under either balanced
or unbalanced conditions.

1.4.3.1 Synchronous Reference Frame Current Controller

This is the most widely applied solution for the control of current injection for
STATCOM applications. These controllers are either implemented using Pl
controllers or predictive deadbeat control when operated in the dg frame when
balanced currents are injected into the grid. This controller achieves a good
performance. However, under unbalance conditions, the behaviour of this
controller is inadequate, since there is no control loop for negative sequence
component control. Figure 1.18 shows the structure of this controller.
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Figure 1.0.18: Synchronous reference frame current controller.

1.4.3.2 Decoupled Double Synchronous Reference Frame Current
Controller

To effectively control a current vector having both positive and negative
sequence components, two synchronous reference frames both rotating in the
positive and negative direction at the fundamental grid frequency current
controller is applied along with a decoupling network in attenuating the
oscillatory signal at twice the fundamental frequency in the dq signals obtained
through park transform. The DDSRF discussed in the synchronization section
is similar except with the inclusion of the Pl or deadbeat regulators used in
controlling the injected currents. Figure 1.19 shows the structure of the
DDSRF current controller. In this Figure, note that the decoupling term (wL)
on both positive and negative sequence have their signs inverted because of
their opposite directions of rotation.

:M: [T’_" ]_

Figure 1.0.19: Decouple double synchronous reference frame -current
controller [105].
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1.4.4 MMCC STATCOM Applications and Challenges

Alstom in 2001 [106] installed its first commercial MMCC based STATCOM
with 175 MVAR capacity. Other commercial installations include a three-
voltage level £100 MVAR STATCOM (2002) [107] and six MMCC STATCOM
stations known as the SVC light by ABB in Sweden, Germany, France, Finland
and USA [108, 109]. All these have been installed to operate under balanced
grid conditions.

However, the control of this topology introduced challenges of inter and intra-
cluster balancing control of sub-module capacitors which at the moment is a
subject of active research [110-113].

The main limitation of an MMCC based STATCOM is the lack of a common
dc link which results in the difficulty of exchanging energy between phase limb
sub-modules. One of the methods applied is by selecting appropriate
redundant switching vectors [114]. This provides fast control of all sub-module
voltages but it is limited in flexibility as the number of switching vector
increases with the number of voltage levels. This situation of capacitor voltage
balancing is more difficult when the grid is unbalanced (i.e. voltage unbalance
or load current unbalance) especially with the growth of distributed power
generation systems. Consequently, the sub-module voltages drift away from
their rated levels, thus resulting in STATCOM malfunction leading to distorted
current injected into the grid, and overstressing or even damaging the
switching devices.

To overcome this problem the approach used for SSBC-MMCC is to inject a
sinusoidal zero sequence voltage in the converter neutral point [72, 115-118].
For SDBC-MMCC a zero sequence current is injected in the delta configured
three phase limbs [80, 117, 119]. However, such a scheme causes serious
problems; in the former case, the injected zero sequence voltage can cause
the converter phase voltages to exceed their rated level, resulting in the SSBC
operating in over-modulation mode or even becoming uncontrollable. In the
SDBC-MMCC, it can lead to current exceeding the rated limit. Researchers
have investigated the unbalanced cases in [120-122], but only for real power
supply (i.e. application in PV power generation); detailed analysis is not
given, the rating quantification is not analysed clearly, and the improvement
method is not clearly investigated. Another recent publication [123] highlighted
the compensation limitations for star connection under unbalanced current
compensation, and delta connection under unbalanced voltage
compensation, i.e. the singularity issue, without analysing the delta case for a
load unbalance condition. However, there is no research giving a clear
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quantitative relation between the level of load current unbalance and the
phase limb voltage rating in a star connection, nor to the phase current rating
in delta connection. Furthermore, it is necessary to explore new methods to
effectively mitigate such limitations, and hence extend the MMCC-
STATCOM'’s operating ranges under unbalanced load compensation which is
the major interest of this research work.

1.5 Aims, Objectives and Thesis Structure

The aim of this research is to investigate the use of a Flying Capacitor Modular
Multilevel Cascaded Converter as a STATCOM (FC-MMCC) for reactive
power and unbalanced load current compensation in a distribution system.
The objectives in achieving this research aim are:

¢ Investigating and assessing different MMCC configurations and sub-
module types that best suits STATCOM applications in terms of
footprint, cost, control complexity and redundancy.

e Investigating multi-level pulse width modulation schemes that best
suits the control of an MMCC using five-level H-bridge flying capacitor
converters as sub-modules, under metrics of power loss, THD, natural
balancing capability of flying capacitors and sub-module switch
utilization.

e Developing novel space vector modulation schemes using overlapping
hexagon techniques that offer better THD and reduced complexity for
MMCC'’s using any sub-module types.

e Analyse, simulate and experimentally validate the operational
characteristics of FC-MMCC based STATCOM for reactive power
compensation.

e Analyse, simulate and experimentally validate the use of third order
harmonic zero sequence components in extending the operating
capability of single star and delta FC-MMCC based STATCOMs for
reactive power and negative sequence current compensation under
unbalance load compensation.

The structure of the thesis is as follows;

Chapter 2 presents a detailed analysis and comparison of the various MMCC
configurations using different sub-module types for STATCOM applications.
The benchmark for this assessment is based on footprint, cost, redundancies
and control complexity. This comprehensively compares the various MMCC
configurations and explains the choice of the five-level H-bridge flying
capacitor converter as the sub-module for this research.
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Chapter 3 discusses the use of carrier modulation control schemes for FC-
MMCC. These pulse width modulation techniques include phase disposed
PWM (PD-PWM), swapped carrier PWM (SC-PWM) and phase shifted PWM
(PS-PWM). The performance of each modulation technique is evaluated in
terms of natural capacitor voltage balancing, converter power losses,
waveform harmonics and switch utilization.

Chapter 4 presents a novel overlapping hexagon space vector modulation
(OH-SVM) technique for MMCC, which offers flexibility and simplicity of
control compared to multilevel space vector modulation techniques. It
discusses the principle of this new method and compares it with conventional
multilevel SVM.

Chapter 5 presents simulation and experimental validation of the FC-MMCC
as a STATCOM for power factor correction in power distribution systems. The
sub-module dc-capacitor voltage rating, the voltage ripple, and converter filter
requirements are discussed. The experimental system is described and the
simulation and experimental results of the FC-MMCC STATCOM for power
factor correction are analysed.

Chapter 6 explores the FC-MMCC STATCOM for compensating load reactive
power and unbalanced load current in a power distribution system. Two non-
sinusoidal zero sequence components are applied for the inter-cluster
balancing control of both star and delta configurations. The MMCC
compensation operating range and required ratings are quantified and
compared with those for sinusoidal injection. Experimental validation is
included.

A summary of the findings made during this research is provided in chapter 7
with recommendations for future research.
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Chapter 2
ASSESSMENT of MODULAR MULTI-LEVEL CASCADED
CONVERTERS IN STATCOM APPLICATIONS

One major constituent of an MMCC is its sub-module unit. Among the various
types, the 2-level half-bridge and 3-level H-bridge cells are the most widely
applied. Others that have been used include the 3-level flying capacitor (FC)
half-bridge, 3-level Neutral Point Clamped (NPC) half-bridge [124, 125], 5-
level flying capacitor H-bridge and the hybrid cell types formed by, for
example, the combination of half bridge FC and 2-level half bridge [126].
These various sub-module types, when applied in an MMCC-STATCOM, offer
different cost, operating behaviour, control and footprint requirements.

This chapter presents a detailed analysis and comparison of various MMCC-
configurations using four sub-module types, namely the 2-level half-bridge, 3-
level FC half bridge, 3-level H-bridge and 5-level FC H-bridge for an 11kV
STATCOM. The different sub-module concepts are described through a
quadrant system concept, highlighting their features and degrees of freedom.
Afterward, a review of the general classifications of MMCC is presented. This
chapter is concluded with a comprehensive comparison of various MMCC
configurations and sub-module types that best suit STATCOM operation. The
benchmark for this assessment is based on footprint, cost, switching state
redundancies as discussed in [35, 127] and control complexity. Note that the
terms cell, sub-module, and module are used interchangeably in this thesis.

2.1 Sub-module Circuits of Modular Multilevel Cascaded
Converters

Those discussed here include the 2-level Half bridge, 3-level FC Half bridge,
3-level H-bridge and 5-level FC H-bridge. A quadrant system is used to show
their inverting and rectifying states.

2.1.1 Half-bridge cells

Two types, the two-level and three-level FC half-bridge sub-modules, are
considered.
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2.1.1.1 Two-level Half bridge cell
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Figure 2.1: Two-level half bridge sub-module: (a) Power Circuit; (b) sub-
module output voltage and current; (c) Two quadrant operation modes current.
The circuit configuration of this type is shown in Figure 2.1(a). It comprises
two complementary switches (Sat, Saz2), with anti-parallel diodes, (Dat, Da2)
connected in parallel with a dc storage element normally a capacitor. It has
only two switch states Sa1:1, Sa2:0 and Sa1:0, Sa2:1 which make it capable of
synthesizing two distinct output voltage levels +V, and 0 respectively as seen
in Figure 2.1(b). A bi-directional current flows through this sub-module,
allowing two quadrant operation as shown in Figure 2.1(c). The operational
states of this sub-module result in its capacitor being charged or discharged
are shown in Table 2.1.
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Table 2.1: Two-level half bridge sub-module operating states

Switch Diode Rectifier Inverter
Quadrant Vo  larm
State state state Mode Mode
Sa1 Saz Da1 Da2 IARMT IARMl
1 1 0 0 0 +1 - Csm |
5 o o] 1]o0|Ve| Cau? -
- 0 1 0 0 -1 NC -
- 0 0 0 1 0 +1 - NC

Vo — sub-module output voltage; lIarm — converter arm current; and Vc - sub-
module capacitor voltage states (¥ = Discharging, 4 = Charging, NC= No
change).

2.1.1.2 Flying Capacitor half-bridge cell

.......................................... A
e RN 2Vo |
Sa1 D \1 v o
*larm ‘ J °Fa 1A 24 2A
~a -larm 1 \
N
Sa2 12
& CIN
Y \
Ve -1
¢ T Csm Ca Sa3 Da3 RS +2Vo __ |
. +\Vo
N W ; N Reciir [ ierien
Wo < anita by >
Sa4 Da4 -larm +|arM |
o . v
(a) : -V

Figure 2.2: Three-level FC half bridge sub-module: (a) Power Circuit; (b)
sub-module output voltage and current; (c) and i-v two quadrant operation
modes.

The circuit configuration for this cell is shown in Figure 2.2 (a). This comprises
two complementary switching pairs (Sat, Sa4), (Sa2, Sa3) with their
corresponding antiparallel diodes (Dat1, Da4), (Da2, Da3) connected in parallel
across the inner flying capacitor (Ca) and sub-module capacitor (Cswm). The
inner flying capacitor voltage rating is half the module capacitor voltage (i.e.
Va=0.5Vc). This sub-module has four switch states that result in sub-module
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capacitor being charged and discharged as shown in Table 2.2. Three distinct
unipolar output voltages are generated by this sub-module (0, +Vo and +2V,)
(see Figure 2.2(b)). Figure 2.2 (c) shows the two quadrant operation modes
of this sub-module with quadrant 1 and 2 operating in inverting and rectifying
modes respectively.

Table 2.2: Three-level FC half bridge sub-module operating states

Quad Switch state Diode state Rectifie Inverte
rant Vo Ilarm r Mode r Mode
State
Sa1 Sa2 Sa3 Sas Da1 Da2 Da3 Da4 IARMT IARMl
- 0 0 1 1 0 0 0 0 0 -1 - NC
- 0 0 0 0 0 0 1 1 +1 NC -
1A 0 1 01| O 0 0 0 1 05| +1 - Cal
Vc
2A 0 0 0 1 0 1 0 0 -1 Cal -
1A l1]lo0lolo|l o] o | 1] 0 [05] + - Csm)Cat
Ve
2A 0 0 1 0 1 0 0 0 -1 CsuTCal -
1 1 1 0 0 0 0 0 0 +1 - Csm |
Ve
2 0 0 0 0 1 1 0 0 -1 Csmt -

2.1.2 H-bridge cells
2.1.2.1 Three-level H-bridge cell

This type of sub-module has been mostly investigated for the single star and
single delta MMCC STATCOM [71, 78]. The power circuit configuration is
shown in Figure 2.3 (a). This comprises two pairs of complementary switches
(Sat, Saz2), (Sa3, Sa4) with their corresponding antiparallel diodes (Dat, Da2),
(Da3, Da4) connected in parallel across the cell capacitor Cswm. This sub-module
synthesizes three distinct output voltage levels (0, +Vo and -Vo) as seen in
Figure 2.3(b).

The sub-module allows four quadrant-operation as illustrated in Figure 2.3 (c).
Quadrants 1, 3 and 2, 4 refer to the inverting and rectifying modes. Capacitor
Cswm discharges under the inverting mode because the polarities of both the
output voltage and converter arm current are in the same direction while the
reverse is the case for the rectifying mode. The four switch states are
illustrated in Table 2.3.
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Figure 2.3: Three-level H-bridge sub-module: (a) Power Circuit; (b) sub-
module output voltage and current; (c) and i-v four quadrant operation modes.

Table 2.3: Three-level H-bridge sub-module operating states

Quad Rectifie Inverte
cant Switch state Diode state V. law rMode rMode
Stat
e Sat Sa2 Sa3 Su Dat Da2z Daz Das larm 1T larm|
1 1 0 0 1 0 0 0 0 +1 - Csm|
Vc
2 0 0 01O 1 0 0 1 -1 Csm? -
3 0 1 1 0 0 0 0 0 -1 - Csm |
Ve
4 0 0 01| O 0 1 1 0 +1 Csmt -
- 1 0 01O 0 0 1 0 0 +1 - NC
- 0 0 1 0 1 0 0 0 -1 NC -
- 0 1 01O 0 0 0 1 0 -1 - NC
- 0 0 0 1 0 1 0 0 +1 NC -

2.1.2.2 Five-level Flying Capacitor bridge cell

The circuit configuration for this cell is shown in Figure 2.4 (a). It is formed by
parallel connection of two 3-level FC half bridge converters along with one
common sub-module capacitor Csm. Consequently, there are two flying
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capacitors (Ca and Cs) each for its own half-bridge leg. This synthesizes five
bipolar voltage levels (0, +Vo, +2Vo, -Vo and -2Vo) as illustrated in Figure
2.4(b). The two inner flying capacitors have their voltages rated half of Csm
(i.e. Va= VB =0.5Vc). There are altogether 16 switch states that result in the
sub-module capacitor Csm and the two flying capacitors charging or
discharging as shown in Table 2.4. The bipolar voltage nature of this sub-
module ensures four quadrant operation which allow power flow in both
directions as illustrated in Figure 2.4 (c).

-2Vo (b)

[ 2 Vo 1 I
Rectfigr 717 jmlrerterl
Ry
w31 3A LA Mkl )
[Inverar - Reptifier
| -Vo
47

ANERANB NN RER]

© Vv

Figure 2.4: Five-level FC H-bridge sub-module: (a) Power Circuit; (b) sub-
module output voltage and current; (c) and i-v four quadrant operation modes.
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2.2 Classification of Modular Multilevel Converters

Various names have been used in the literature describing the modular
multilevel converter topology such as M2C, M2C, Cascaded multilevel
converter and Chain-link converter. In 2010, Akagi [75] presented a
classification and terminology for this topology. This was done to establish
consistency in the naming and classification of various types and differences
in circuit structure. The name Modular Multilevel Cascaded Converter
(MMCC) was adopted with four groups namely [75];

e Single Star Bridge Cells (MMCC-SSBC)

e Single Delta Bridge Cells (MMCC-SDBC)

e Double Star Chopper Cells (MMCC-DSCC)
e Double Star Bridge Cells (MMCC-DSBC)

Each of these groups has its distinct characteristics which make it suitable for
certain applications. For consistency, the terms arm and limb are used
interchangeably in this literature. This refers to a serial connection of cells that
generate the same output voltage in an MMCC. In this discussion, capacitors
are used to represent the storage elements. The above topologies can be
further categorized into two groups, namely; those having no common dc-link
being single cell types, normally used for STATCOM applications and those
having a common dc-link being double star type, and typically used in HVDC
systems. These are discussed below.

2.2.1 Single Cell types

This MMCC topology is built from H-bridge modules, which are either three-
level or five-level flying capacitor full bridge. Multiples of such modules are
stacked-up to form a phase limb and there is no common dc-link required. Half
bridge cells cannot be used to build this type of converter because of their
unipolar output voltage. Applications of this topology include flexible AC
Transmission devices, such as STATCOM, Battery Energy Storage System
(BESS) [78, 128-130], and grid connection inverters for distributed energy
sources [131].

2.2.1.1 Single Star Bridge Cells (MMCC-SSBC)

The configuration of the MMCC-SSBC is illustrated in Figure 2.5 using either
three-level or five-level FC H-bridges. Each phase arm of this topology
comprises N cells stacked-up. The ac terminals of the three converter arms
(A1, B1and C1) are connected to the ac mains (A2, B2 and Cz) through the arm
impedances (Rcasc and Lcasc) which are used for converter current filtering.
The other ends of the converter arm terminals are connected together forming
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the neutral point which is either floating or grounded depending on the
application requirements.

2X Csm Suilt Brald
Sua'} an;_;\ 5 :
d > 2 2 2
- /
Se13 | Seirs
mel e AT BT S
| 5:-1.-:& Re R‘:Bib Recs
; Lea Leag Loc
V’iﬂ@ Az
Vs §2 EI:
Vsey =

Figure 2.5: MMCC single star structure.

The terminal voltage of each phase arm is dependent on the number of sub-
modules switched into the current flow path and their respective dc voltages,
and is expressed as:

vy =m,NV, ., sin(ot+¢,) (2.1)

c_sm

where ma, N; and Vg sm are the converter modulation index, number of sub-
modules switching into the conduction path, and sub-module dc capacitor
voltage; i represents phases a, b or ¢ with phase angles @..= [0 21/3, 411/3]

Vc::(wlg Vcb

Rcg Rc

respectively.

Lc3 Lci

P,
4

!ﬂ¥g; ico]]
Vsc@ ch

peoT

Figure 2.6: MMCC single star equivalent circuit.
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The direction of the phase current and the switch states of each sub-module
decide how the sub-module capacitor voltages being charged and discharged.
With reference to the equivalent circuit illustrated in Figure 2.6 the current in
each phase, is expressed as:

ici = Ic Sin(a)t + (Dvc + (pic) (22)

where @;c is the current phase angle with respect to its terminal voltage and /¢
the maximum phase current. The fundamental frequency component of i
defines the active and reactive power exchange between the ac grid and
converter side.

The voltage equation of the SSBC-MMCC per phase leg as seen in Figure 2.6
is:

v, =R, +L, % (2.3)
dr

Substituting (2.1) into (2.3) and expressing (2.3) with respect to the converter
current derivative, we have:

di, Y m,NV, ., sin(et+¢,.) —&i
dt L L L

c c c

(2.4)

Assuming switching losses are negligible, power on both ac and dc sides of
the SSBC per phase cluster should be equal, thus:

NV ol o0 =vai (2.5)

c_sm™ dc_sm ci’ci

where Iy sm is the current flowing through the sub-module capacitor. This
current can be expressed in terms of sub-module capacitance and ac power
as:

i, av,
Idc sm val” = Cvm Lo - (26)
- Ndec_sm A dt

From this the dc voltage derivative term can be expressed as;

Ve an Vi, _mi,;sin(wt+¢,.)
dt NC V C '

J " sm” dc_sm sm

(2.7)

According to Equations (2.4) and (2.7), the state—space model of the single
star MMCC can be written as:

x = Ax + Bu (2.8)
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R.

ci B LL N maNj Sin(a)t + q)w) vq[
Where Y= ’ A — . c 3 u = ~ kl
Vdc_sm ma Sln(a)t + ('DVC) 0 O
Csm
1
— 0
B=\L |
0 0

Under balanced operation there is no circulating current flowing between
phase arms. With unbalanced condition, both positive and negative sequence
symmetrical components interact, zero sequence voltage may be injected to
the converter neutral point [116].

2.2.1.2 Single Delta Bridge Cells
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Vsbry = 1] — 1 e
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Figure 2.7: MMCC single delta structure.

The configuration of the MMCC-SDBC is illustrated in Figure 2.7. The
individual converter arms (AB, BC and CA) consist of N serially connected
modules and they are connected in a delta form. This configuration neither
provides a common dc-link nor common neutral point. If the converter arm
voltage rating is lower than that of ac supply mains, a transformer having
either floating star or delta configurations at the converter end is required.

The state-space model of this converter is the same as that of the SSBC and
is expressed as:
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R

. _ c — 1 T
i . m, N sin(ot + %HPW) i 1 ol
ci = . ° CoHL )
Vd mu Sln((o[ + % + govc‘) 0 {Vdcsmi| Oc O |: 0 :|
c_sm C

sm

(2.9)

where vsiand i¢; are the ac grid line voltages (Vsab, Vsbe and vsca) and converter
phase currents (icab, icbc and icca).

Circulating current flows within the SDBC phase arms when any form of
unbalance occurs as seen in Figure 2.8. This current is expressed as:

iz - é(icab + ichc + iCca) = ]z Sin(wt + (Diz) * (2 1 0)
VSGé ;
() M
éﬂ‘
‘? \oﬁ ?‘('
[ . A
(i) @ &

V. b@
) Rc Lc
Vscﬁ ;

Figure 2.8: Circulating Current flow in MMCC single delta structure.

This current aids the arm voltage balance in this configuration via interacting
with both positive and negative sequence symmetrical components of the
converter, but imposes limitations on this converter’s current rating.

2.2.2 Double Cell types

This can be implemented using either half-bridge (chopper) or H-bridge cells
as sub-modules, depending on the application requirement. This MMCC
topology is an extension of the single star cell. The double star topology aids
applications which require a common dc-link in particular the HVDC systems.
The double delta MMCC has neither received industrial interest nor analysed
in any academic literature because no additional benefit has been seen by
using this topology. Hence it is not considered.

The double star topology can be implemented either with chopper cells (i.e.
two-level half bridge and three-level FC half bridge) or H-bridge cells (i.e.
three-level H-bridge and five-level FC H-bridge). Figure 2.9 shows the MMCC
double star configuration. When implemented with the chopper cell, it is known
as double star chopper cell (DSCC), while with H-bridge it is known as double
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star bridge cell (DSBC). Ideally, this configuration is formed by phase-parallel
connection of two single-star MMCC. Each phase of this topology consist of
two arms per phase namely; the top and bottom arms. These top and bottom
arms of each phase are connected by the converter arm reactors (Lcat, Lcab,
Lcbt, Lebb, Leet, and Leep) to form the AC phase terminals (A2, B2 and C»). The
top and bottom arms are joined together to form a common dc bus with the
positive terminal formed by the three top arms (+0.5V4c) while the negative
terminal formed by the bottom arms (-0.5V«c).

2.2.2.1 Double Star Cells

Vsa A2 '. .................... -

Vv @ | Lcat Leot lIJLc:ct
sbﬁg B2 0 ‘

Vsc 6; CZI Lean Lcob Lee

. [_] L H

] S o I o

Load g:lll III IIIE

g | I

31 1 | l_:

=L ] L] LI

S| I I I R I

L] 1] C_1:

R - ' 05Voe

Figure 2.9: MMCC double star cell structure.

Both top and bottom arms conduct simultaneously, thus the voltage across
both top and bottom arms is expressed as:
v, =0.5V, (1-m, sin(wt+ ¢, )

‘ | (2.11)
Vi = 0.5V, (1+m, sin(wt +¢,,)

where vii, vhi and Vqc are the top arm, bottom arm and dc-link voltage of the
converter. The arm currents across each phase is a summation of both ac and
dc component. Based on the MMCC equivalent circuit shown in Figure 2.10,
the waveforms of the top arm, bottom arm and phase voltages when both H-
bridge and half bridge cells are used, are shown in Figure 2.11. For both
bridge and chopper cells, the top and bottom arm voltages satisfy the following
as shown in Table 2.5.
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Table 2.5: Top and bottom arm voltages of double star cells

Arm voltages DSBC DSCC
Top -Veii < vi < Ve 0 <vi< Vci
Bottom -VCbi < Vi < Vepi 0 < vbi < Ve

where Vci and Ve are the top and bottom arm cell dc voltages. From Figure
2.11, the phase voltage waveform generated by DSBC is twice the magnitude
synthesized by the DSCC counterpart, where both cells are equally rated.

The top and bottom arm currents per phase are expressed as:

i, =050, +i,
S (2.12)

Iy =1, —0.50

where isi is the phase current and iz represents the circulating current
component or common mode current which shows the power exchange
relationship between the dc side and converter side. The summation of the
circulating current across the phases equals zero. This means that the
circulating current only flows within the converter circuit. The MMCC phase

leg equation for Figure 2.10 are:
diti
dt
: 213
diy e
dt

0.5V, =v,+v,+R.i,+L,
0.5V, =-v,+v, +R.i, +L,

Summing up both top and bottom arm voltages is expressed as:

Ve :Vn'+Vbi+Rc(iti+ihi)+LcW- (2.14)
Adding up the top and bottom arm currents yield:

Iy + iy =20, (2.15)
Substituting (2.15) into (2.14) gives:

di, 1 R .

gt =g Ve Ourvdl=ei. (2.16)
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Figure 2.10: double star MMCC single phase equivalent circuit.
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Figure 2.11: Waveforms of top, bottom arms and phase voltage (a) DSBC
and (b) DSCC.
The current flowing in both top and bottom arms can be expressed in terms of

the arm capacitors per phase as:
Ny vy Ny vy

i = oo g Do D (2.17)
N i N i

Putting (2.12) into (2.17) gives;

dv, Ni, N Ni,
dt N, 2N,C

] i (2.18)
dvbi _ lei _ lei

dt N, 2N,C

The state-space model of the double star MMCC topology is given as:



P S W [ 16 P
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Vi N 0 0 0 - N 0
7 | v,e | I IN,C

Equation (2.19) can be used in designing controllers for the MMCC. The
Similar modulation techniques can be applied to control both the single and
double cell structures. However, the current control strategies may be more
complex. [132-135].

2.2.3 Emerging MMCC Topologies

The emergence of new MMCC circuit structures is driven by the need to
improve efficiency, cost, functionality (i.e. fault blocking capability) and
footprint. Academic and industrial researchers are suggesting new MMCC
configurations for HVDC applications. These emerging topologies are
classified either as parallel-hybrid or series-hybrid configuration. This
describes the way the converter arms between the ac and dc terminals are
connected. An example of the parallel-hybrid type is the alternate arm
converter (ACC). Each arm comprises a series connection of director switches
and a string of H-bridge sub-modules. Three phase arms are connected in
parallel to the two dc terminals. The use of H-bridge sub-modules inherently
limit dc-side short-circuit faults. The use of the director switches reduces the
number of sub-modules, hence the conduction losses per converter arm by
40% [136-138] when compared with MMCC-DSBC for the same rating. This
has the ability of ride through ac faults [139]. An example of the series-hybrid
is the series bridge converter. Each arm comprises a parallel connection
between an H-bridge circuit and a series string of modules. Each arms are
connected in series to either absorb or supply power to the dc-link. Both the
ACC [140, 141] and SBC [142, 143] are subject of intensive research.

2.3 Analysis of MMCC Configurations for STATCOM

The various MMCC configurations and sub-module types discussed in the
previous section will be analysed and compared for STATCOM application,
based on the following metrics of footprint, cost, control capability, and control
complexity.

2.3.1 Sub-module Components

For this investigation, the MMCC-based STATCOMs are applied to a
distribution grid system rated at 11kV for either voltage regulation or unity
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power factor correction. The fundamental components used in any of the four
sub-modules for implementing the various MMCC configurations are [35];

e Power semiconductor switch comprising two complementary IGBT
switches with anti-parallel diode connected across each IGBT.

e Heat sink

e Electrolytic capacitor (for convenience)

e Gate drive electronic module (GEM) which comprises field
programmable gate array (FPGA) and transducers (LEM).

The various components used for all the different sub-modules are shown in
Table 2.6. All specifications for the components are obtained from their
manufacturers’ datasheets.

2.3.2 Sub-module Number Requirement Based on MMCC
Configuration

The cell count/phase ratio and number of sub-modules required per phase for
different MMCC configurations is shown in Table 2.7.

Table 2.6: Components used for sub-module analysis

Component Part Number Rating
IGBT switch _
module Infineon IKW30NG60T 600V, 30A
_ Fisher elektronics SK105/105SA Rin=2K/W
Heat sink
_ EETED2G561EA (Panasonic) 400V, 560uF
Capacitor
Gate Actel ProASIC3 FPGA Board Only key parts
electronics ] o are considered
Gate drive circuits
module
LEM LV 25-P (Voltage transducer)

2.3.3 Metrics Analysis

The metrics of footprint, cost, redundancy and control complexity are applied
in the following analysis.

2.3.3.1 Footprint

A converter layout similar to that used by ABB and Alstom [144, 145] in a high
voltage transmission grid system is assumed in this analysis. Both the sub-
module layout and a single phase platform layout is as shown in Figure 2.12.
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Table 2.7: Number of sub-modules required per phase limb

Cell No. of sub- 2-L half 3-LFC  3-L H- 5-L FC
count/phase modules/ bridge half bridge  H-bridge
phase bridge
1 Single star - - 27.5=28 | 13.75=14
V3 Single delta - - 47.63~48 | 23.82~24
4 DSCC 112 56 - -
2 DSBC - - 56 28

A sub-module layout consists of cell capacitors, a switch module (heat sink
included) and the gate electronics module. Each sub-module is kept in an
enclosure which is suspended from the earthing plane, i.e. the ceiling of the
building housing of the converter. This is done to make sure protection against
natural disaster [145-147]. The platform shelter height is determined by both
the number of sub-modules and the unified specific creepage distance
(USCD) between adjacent tiers of sub-modules. The IEC60815 [145] specifies
the USCD as 3.5cm/kV.

The converter footprint calculation is based on the USCD and the number of
sub-modules needed to reach the required voltage rating and is basically a
function of the width (X) and height (Y) of the converter platform. The
expression for the footprint is:

F=nY, +(m +)Y )n, X, (2.20)

where n; = Required number of sub-modules tiers, nsmt = Required number of
sub-modules per tiers, Ysm = Sub-modules height, Ycq = Inter-tier insulation
clearance gap and Xsm = sub-modules width

The value of their inter-tier insulation clearance gap is expressed as

voltage rating of converter

Y, =USCD (2.21)

required numberof sub—moduletiers

Where USCD=3.5¢cm/kV

In this analysis, 7 and 6 tiers are used for all the sub-module types’ layout for
single star, double star and single delta. This is because the height of the
building for an onshore application is limited by the local planning
regulations[148]. Therefore, the insulation clearance gap of each inter-tier is
evaluated as:
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Figure 2.12: Guideline for footprint assessment (a) sub-module layout
showing clearance distance (i.e. insulation between two sub-modules); (b)
single platform layout with sub-modules [35, 148].

_ 3.5cm “ 11kv

Y, = ——=5.5¢cm
kV 7

for both single star and double star configurations while for single delta
configuration it is calculated as:

Y, = 3.5¢cm x% =6.416cm .

kV 6

Table 2.8 shows the per-unit size for a sub-module.

Table 2.8: Per-unitised sizes for sub-module width

Component Quantity Comments
IGBT Switch Xs =20% of Xsy=0.2
Module
Capacitor Normally around 50-60%

Xc =60% of Xsu=0.6 _
of sub-module width[144]

Gate electronics XGEM =20% of
module Xsu=0.2
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The height Ysm is based on a heat sink having the largest height of 20cm and
total width Xsm is assumed three times of Ysm i.e. 60 cm, which gives a
dimension of 20 cm x 60 cm.

Table 2.9 shows the relationship between the numbers of tiers and the number
of sub-modules per tier for all the different sub-module types.

Table 2.9: n; and nsmt for sub-module types based on different MMCC
configurations

Sub-module Two-level Three-level Three-level Five-level

types half bridge FC half H-bridge  FC H-bridge
bridge
Single ny - - 7 7
star Nsmt - - 4 2
Single ny - - 6 6
delta | ngy, - - 8 4
double | n: 7 7 7 7
star Nsmt 16 8 8 4

The analysis of the different MMCC configurations and sub-module types
under footprint metrics is discussed below.

Table 2.10: Sub-module per unit width and MMCC configuration Footprint
calculation

Component 2L-half 3L-FC half  3L-H-bridge 5L-FC H-

bridge bridge bridge
Qty | Width | Qty | Width | Qty | Width | Qty | Width
(pu) (pu) (pu) (pu)
Xs 11 02| 2] 04| 2| 04| 4 | 08
Xc 11 06 | 3| 18| 1| 06| 4 | 24
Xcem 11 02 102 1] 02| 1] o2
Xsm (pU) 1 2.4 1.2 3.4
Footprint (m?)
Single star - - 5.2992 7.5072
Single - - 9.4985 13.456
delta
Dt"”b’e 17.664 21.1968 10.5984 15.0144
star
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Figure 2.13: MMCC-STATCOM footprint assessment.

From the platform calculation plot shown in Figure 2.13, it is seen that for
STATCOM application (i.e. balance system compensation) the single star
configuration provides the best footprint among the other MMCC
configurations. This is because the number of sub-modules required for this
application is the lowest. On the other hand when half-bridge sub-modules are
used for double star STATCOM applications the resultant footprint is the
highest. Among the sub-module types, the 3-level H-bridge provides the
lowest footprint followed by the 5-level FC H-bridge, where both are for single
star configuration.

2.3.3.2 Cost

The cost is evaluated according to the prices of the components required in
building each sub-module type for different MMCC configurations. For a
practical MMC converter, the real prices of components are not disclosed by
the converter manufacturer. In this analysis, the cost metrics of a sub-module
are based instead on the prices of the key components which are obtainable
from the Farnell website. The component prices for a sub-module unit are
shown in Table 2.11, only the unit cost of a component is considered.

The unit (i.e. sub-module) and total cost of implementing the different MMCC
configurations are shown in Table 2.12.

From the cost metric plot in Figure 2.14, the single star configuration provides
the lowest cost among all the MMCC configurations considered here, followed
by single delta and double star using 3-level H-bridge. This is because the
cost has a direct relationship with the number of components required per
configuration. From the cost analysis, double star MMCC especially the 3L-
FC half bridge sub-module types cost the most.
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Table 2.11: Prices of components for one sub-module unit

Component Part Number Unit cost (£)
IGBT switch ,
IKW30NG60T (1 pair) 9.14
module
Heat sink SK105 6.58
Capacitor EETED2G561EA (Panasonic) 8.64
Actel ProASIC3 FPGA Board 6.75
Gate electronics |  Gate drive +Isolation (ACPL-332J;
module 12.85
MEV1S0515SC)
LEM LV 25-P (Voltage transducer) 52.69

Table 2.12: sub-module and MMCC configuration cost calculation

2L-half  3L-FC half 2L-H- 3L-FC H-
Component bridge bridge bridge bridge

Qty | cost Qt | cost(£) | Qt | cost(£) | Qt | cost (£)
(£) y y y

IGBT switch 11914 | 2 | 1828 | 2 | 18.28 | 4 | 36.56
Heat sink 11658 | 21316 | 2 | 1316 | 4 | 26.32
Capacitor 11864 | 32592 | 1| 864 | 4 | 34.56

FPGA 1 6.75 | 1 6.75 1 6.75 1 6.75

GEM Gatedriver | 2 | 25.7 | 4 | 56140 | 4 | 51.40 | 8 | 102.80

LEMLV25 | 1 | 526 | 2 | 1054 | 1 | 52.69 | 3 | 1568.07

9
Unit cost (£) 109. 220.8 150.9 365.06
5 9 2
Total cost (£)
Single star - - 4225.76 5110.84
Single delta - - 7244.16 8761.44

Double star 12264 12369.84 8451.52 10221.68
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Figure 2.14: MMCC-STATCOM cost assessment.
2.3.3.3 Redundancy

Redundancy here is the number of distinct combinations of switch states
which gives rise to the same sub-module output voltage. For example, the 3L-
FC half bridge module has one redundancy since the switch states for
charging its inner capacitor and that for discharging it give the same sub-
module output voltage.

The state in which a sub-module operates as an uncontrolled rectifier (i.e. no
switching pulse is applied) is not considered as an operating state, but rather
as a start-up strategy for charging up capacitors of sub-modules in an MMCC.
This is done before normal operation of the MMCC.

The various ways of charging and discharging each sub-module capacitors
and the different MMCC configurations are listed in both Table 2.13 and 2.14
respectively.

From Table 2.13, it can be seen that the FC H-bridge sub-module provides
more redundant states than the rest of the sub-module types. This is
considered an advantage for using FC topology. It is seen that both FC sub-
module inner capacitors are effectively charged and discharged during the
inverter mode by using the necessary switch states without implementing any
feedback control.

From Table 2.14, it can be also seen that the 5-level FC H-bridge implemented
in double star configuration has the highest number of charging and
discharging combinations compared to other configurations. This benefit is at
the detriment of cost and footprint.
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Table 2.13: Possible charging and discharging sub-module and inner
capacitor combinations for different sub-modules

Sub-module Sub-module ch.arg.e/discharge Unit
type/Mode of combination Total
operation Charging Discharging
Csm Ca Cs Csw Ca Cs
2L- Inverting - - - 1 - -
half | poctiying | 1 | - | - I
bridge 2
No. of 1 ) ) 1 ) )
ways
3L-FC | Inverting - 1 - 2 1 -
half Rectifying 2 1 - - 1 -
bridge 6
No. of 2 2 ) 2 2 )
ways
3L-H- | Inverting - - - 2 - -
bridge | pectifying | 2 | - | - I
4
No. of 2 ) ) 2 i i
ways
5L-FC | Inverting - 4 4 6 4 4
H-
Rectifyi 6 4 4 - 4 4
bridge octilying 28
No.of |\ g 1 g | 8 | 6 | 8| 8
ways

Table 2.14: Possible redundant combinations of sub-module types across
different MMCC configurations

MMCC Two-level ~ hree- Three-  Five-level
Configurations half bridge level F ¢ level H- FC H-
half bridge bridge bridge
Single star - - 112 392
Single delta - - 192 672
Double star 224 336 224 784




- 46 -

2.3.3.4 Control complexity

The complexity of control required to do STATCOM operation varies with
different MMCC configurations and sub-module type. This metric will be based
on the number of control variables required to meet correct operation of the
MMCC-STATCOM. The control variables of each configuration are
highlighted in Table 2.15. Control complexity can also be assessed for the
different sub-module types to identify which components need to be controlled
to achieve adequate operation. Table 2.16 shows the required number of
components per sub-module.

The double star topology requires the highest complexity of control when
compared to the other two configurations as seen in Table 2.15. It requires
regulation of the common dc-link voltage, top and bottom arm voltages and
currents, and suppression of the circulating current flowing between phase
arms. It is important to state that circulating current control is only required in
single delta MMCC’s when an unbalanced condition occurs. This will be
discussed in detail in Chapters 6.

Table 2.15: Control complexity assessment for each MMCC-configuration

MMCC Common Phase Sub- Circulating Total
configuration dc-link cluster module current
control arm control control
control
Single star - 1 1 - 2
Single delta - 1 1 - 2
Double star 1 2 1 1 5

Table 2.16: Control complexity assessment for each sub-module type

Three-level

Sub-module  Two-level Three-level Five-level
types haif bridge ~ FC half H-bridge  FC H-bridge
bridge
Sub-module
) 1 1 1 1
capacitor
Inner
- - 1 - 2
capacitor
Total 1 2 1 3
control
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The 5L-FC H-bridge requires 1 and 2 more levels of control with respect to
both 3L-FC half bridge, 2L-half bridge, 3L H-bridge respectively. This higher
control complexity limits its operation for STATCOM application. However,
control complexity of the 5L-FC H-bridge is reduced to 1 by applying advanced
modulation techniques that ensure adequate natural balancing of the inner
capacitors without needing extra control loops. This will be discussed in detail
in Chapters 3 and 4.

2.3.4 Comparison of Sub-module Concepts for an 11kV MMCC-

STATCOM

Table 2.17, summarises the metrics of the various MMCC configurations using
different sub-module types. The following conclusions can be drawn:

Table 2.17: Comparison of MMCC types based on 11kV STATCOM

MMCC . Control
. ) Footprint Cost (£) | Redundancy )
configuration ) complexity
(m?)
Single star
3L-H-bridge 5.30 4226 112 56
5L-FC H-
) 7.51 5111 392 84
bridge
Single delta
3L-H-bridge 9.50 7244 192 96
5L-FC H-
) 13.46 8761 672 144
bridge
Double star
2L-half 17.66 12264 224 560
bridge
3L-FC half
bridge 21.2 12370 336 560
3L-H-bridge 10.6 8451 224 280
5L-FC H-
15.01 10222 784 420

bridge
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e Single star MMCC: this can be implemented with either 3L-H-bridge
or 5L-FC-H-bridge sub-module types. This configuration requires the
smallest footprint, lowest cost and lowest control complexity compared
to the other MMCC types. However it provides the fewest redundant
states available for charging and discharging sub-module capacitors,
particularly for the 3L-H-bridge. From these considerations, in single
star configuration, the 3L-H-bridge sub-module is the best choice for
the STATCOM.

e Single delta MMCC: this configuration, using 3-level H-bridge, offers
smaller footprint and lower control complexity when compared to the
double star MMCC with the same type of sub-module. The 3-level H-
bridge provides fewer redundant states compared to the 5-level FC H-
bridge. It also offers benefits of lower cost, size and control complexity
compared to the latter. The 5-level FC H-bridge double star
configuration offers more redundancy than its single delta counterpart.

e Double star MMCC: This configuration if built with H-bridge sub-
modules offers the lowest cost, smallest footprint and lowest control
complexity compared to those using the two other types of sub-
modules as shown in Table 2.17. Also in comparison with the 5-level
FC H-bridge single delta configuration, it requires a smaller footprint
and benefits from lower cost. Among the MMCC configurations, the
double star using the half bridge is the least attractive for STATCOM
application because of its high footprint, cost, and control complexity.

A graphical representation has been designed to show the ranking of MMCCs
using different sub-modules in terms of meeting the metrics of assessment.
The ranking order is from 8 (best) down to 1 (worst), as shown in the following
Table 2.18.

From Figure 2.15, the single star configurations using 3-level H-bridge and 5-
level FC H-bridge offer the lowest cost, size, and control complexity among all
the MMCC configurations. The reduction in platform size for both sub-module
types further reduces the total cost of MMCC-STATCOM. This assessment
shows that the choice of a double star configured half bridge sub-modules for
STATCOM does not offer any cost benefit.
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Table 2.18: Comparison of MMCC types based on 11kV STATCOM

MMCC . Control Total
configuration Footprint | Cost | Redundancy complexity | score
(m’) (£)
Single star
3L-H-bridge 8 8 1 8 25
L-FC H-
d . c 7 7 6 7 27
bridge
3L-H-bridge 6 6 2 6 20
5L-FC H-
) 4 4 7 5 20
bridge
Double star
2L-half 2 2 4 1 9
bridge
3L-FC half
bridge 1 1 5 1 8
3L-H-bridge 5 5 4 4 18
5L-FC H-
3 3 8 3 17

bridge
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Figure 2.15: MMCC configuration ranking.

2.4 Summary

This chapter has presented a detailed analysis and comparison of the various
MMCC configurations using four sub-module types, namely the 2-level half
bridge, 3-level flying capacitor half bridge, 3-level H-bridge and 5-level flying
capacitor H-bridge as applied to a STATCOM. The different sub-module
concepts have been described through a quadrant system highlighting their
various degrees of freedom. A review of the general classifications of MMCCs
namely SSBC-MMCC, SDBC-MMCC, DSBC-MMCC and DSCC-MMCC was
given with the various sub-module types applicable to them. For the single cell
types, only the H-bridge sub-module types are applicable, while for the double
star cell types both half and H-bridge types are applicable for a STATCOM.

The MMCC configurations have been assessed under the metrics of footprint,
cost, control complexity and redundancy. The 3-level H-bridge under the
single star MMCC provides the lowest footprint, cost, and control complexity,
thus making it the best configuration choice for a STATCOM and this shows
why it is the preferred choice in the industry. Also, the analysis has shown that
the 5-level flying capacitor sub-module single star configuration has better
levels of control complexity, size, and cost when compared to the other MMCC
configurations. This provides more redundant states, and fewer control
feedback loops for capacitor management, than the configurations of the
single star, single delta and double star using 3-level H-bridge submodule.
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Chapter 3
Carrier-Based Sinusoidal PWM Techniques for Flying
Capacitor Modular Multi-level Cascaded Converter

PWM techniques are most widely used for voltage source converters including
the modular multilevel cascaded converter family. Detailed research has been
carried out on various ways of implementing PWM control of the modular
multilevel cascaded converters, and several methods have been established;
these are phase disposed PWM (PD-PWM), swapped carrier PWM (SC-
PWM) and phase shifted PWM (PS-PWM). This chapter investigates the
application of these PWM techniques to a three-phase Flying Capacitor
Modular Multilevel Cascaded Converter. This comprises two serially
connected five-level flying capacitor converter modules, giving nine voltage
levels per phase. The fundamental principles and implementation schemes of
these PWM schemes are discussed. A contribution of this research is the
evaluation of the performance of each PWM method, in terms of natural
capacitor voltage balancing, converter power loss, waveform harmonics, and
switch utilisation. This has not before been reported and is now discussed in
this chapter.

3.1 Performance Metrics for FC-MMCC Modulation
Techniques

The circuit diagram of the flying capacitor MMCC used for evaluating the PWM
techniques is shown in Figure 3.1. It uses a five-level flying capacitor H-bridge
as the basic sub-module, which is formed by connecting two three-level FC
half bridges sharing one capacitor Csm. Further splitting this FC sub-module,
there are 4 switch cells; cells 1A and 1B consist of complementary switch pairs
Sa1:Sa4 and Sp1:Sp4 having Csm connected across them, while 2A consists of
switch pairs Sa2:Sas with inner capacitor Ca and 2B has switch pair Sp2:Sb3
and inner capacitor Cs connected across them. Six such FC sub-modules are
used to form a three phase bridge; two are cascaded per phase and the three
phase - limbs are connected in a single star configuration.
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3.1: FC-MMCC circuit structure [35].

For ease of explanation, the nomenclature described below is applied

Unit cell: this refers to a pair of complementary switches having a
capacitor connected across them, such as 1A, 1B, 2A and 2B above.
Switching frequency (fs): this refers to the number of switching
transitions per unit cell in a fundamental cycle.

Sub-module switching frequency (fsm): this is the number of
switching transitions experienced by a sub-module within a
fundamental cycle.

Equivalent switching frequency: this is the number of switching
steps observed over the multi-level output voltage within a fundamental
cycle.

Frequency modulation index (my): this is the ratio of the switching
frequency to the fundamental frequency fo:

s

m, =5 (3.1)

f;)

Amplitude modulation index (ma): this is the ratio of the desired
voltage amplitude to the sum of all sub-module capacitor voltages.

3.1.1 Natural Voltage Self-Balancing Ability

Ideally, under steady-state conditions by PWM control, the inner capacitor
voltages of the FC-MMCC should be self-balanced. This is achieved by having
the converter cell capacitors exchange zero net active power with the ac side

over one or several fundamental cycles. However, the net charges of the inner
flying capacitor voltages may not be zero over one or several cycles of
operation, causing voltage deviations or drift, which is rephrase as follows:
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e Capacitor voltage drift: this phenomenon occurs when the current
magnitudes and durations of charging and discharging of the inner
capacitor are unequal, resulting in the real capacitor voltage moving
systematically away from its nominal value over a number of
fundamental cycles.

e Capacitor voltage deviation: this more rapid voltage cycling is due to
the inner flying capacitor balanced charging and discharging within one
fundamental period. Its magnitude depends on the inner flying
capacitance and the switching pulses synthesized by the modulation

scheme.
Capacitor Voltage Deviation vs Voltage Drift
s W
= Deviation
S | Zpiihinuitei
= Drift
> e R e oot s et
| , | | Typical Value

I \ !
0.01 002 0.03 004 0.05 006 0.07 0.08

Time (secs)
Figure 3.2: Graphical illustration of capacitor voltage drift and variation [35].

Natural voltage balancing of inner flying capacitors, i.e. Ca and Cs, is an
important attribute for evaluating PWM schemes for FC-MMCC. An ideal
PWM technique should enable inner flying capacitor voltages to be self-
balanced under open-loop mode with no capacitor voltage measurement. This
means that the mean current flowing in all capacitors is zero under steady-
state conditions, giving zero voltage drift. Inner capacitor voltage with
minimum deviation and zero drift minimises harmonic distortion of the inverter
output voltage and reduces capacitance.

3.1.2 Power Loss

Power losses of an MMCC are mainly due to the conduction and switching
losses of the switching devices (power transistors and diodes). Two methods
have been applied for calculating them. One uses a mathematical model of
the current waveform in each switch [149] and the other an average model
based on piecewise linear characteristics of semiconductor devices obtained
from the manufacturer’s datasheet. In this research, the losses are evaluated
as not only depending on the instantaneous current through the switches and
but also on the instantaneous junction temperature of each device. Losses
due to flying capacitor equivalent series resistance (ESR) are also included.
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3.1.2.1 Conduction loss

This is the loss due to the on-state voltage drop of a semiconductor switching
device when current flows through it (i.e. during its conduction period) [150,
151]. Conduction losses can either be evaluated through simulations which
are fed with precise curve-fit data for the device on-state voltage as a function
of current [149, 152] or by an analytical method using a piecewise linear
approximation to the same current-voltage characteristics to compute average
conduction losses [153, 154]. Using the analytical method, the on-state
voltage drop is expressed as:

I/cond (icond) = Vo + RON 'i0011d (32)

where Vcong is the forward voltage drop, Row is either the IGBT (Ron_cke)
collector emitter on-state resistance or diode (Ron p) on-state resistance, Vo
denotes either the IGBT (Vceo) zero current collector-emitter voltage or diode
(VFo) zero current forward voltage and icond is the instantaneous value of
converter phase current through the device and it is denoted i. for an IGBT
and jrfor a diode. This method only considers the semiconductor device
characteristics through a linear relationship without taking into consideration
their junction temperature. For this analysis (3.2) is simplified as a function of
current and device junction temperature which is expressed as [155]:

Vcond(t) = f;ond(icond(t)77; (t)) . (3 . 3)

The conduction energy loss, Econa, for either an IGBT or a diode within a
switching period t,-t is expressed as;

t

Econd = J. icond(t) I/cond(t)dt . (3 4)

ty

The average conduction power losses across a semiconductor device is a
function of both switching frequency fs and Econd and is expressed as:

Pavg_cond = fS 'Econd (35)
where Pavg-cond Can be written as either Pavg-conar (IGBT) or Pavg-conap (diode)
respectively.

Thus the total conduction loss across a switch is expressed as:

P _,=P

cond — avgicondT-l_})avgicondD . (36)
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3.1.2.2 Switching loss

The switching power losses are due to the finite time taken for a
semiconductor device to change from on to off states and vice versa. These
power losses are dependent on the load current, the voltage across the
switch, and the switching frequency [151, 156-162]. It is impractical to
evaluate switching power losses using sampled data over such a short
switching interval which normally ranges from a few nanoseconds to fractions
of a microsecond. In this research, the switching losses are accounted for by
evaluating an energy impulses after each turn on and turn off events, and they
depend mainly on the current through the IGBT and diode and their respective
junction temperatures. Thus, the switching loss Ps is calculated as:

PS:fS(Es_ON +ES_OFF) (3.7)

where Es onis the IGBT turn on energy loss, Es orr is the IGBT turn off energy
and reverse recovery diode loss. And are defined as:

. Vg
E oy = fSiON(Zc(t)iTTj(t))'(#) (3.8)
CE Ref
. Vg . V.
E| opr = f570FF(lc 0,7, (1))-( )+ fS70FF(lF 0,T,_,(0))-( ) (3.9)
CE_Ref F_Ref

where fs oy and fs_orrare the switching energy functions for turn-on and turn-
off energies.

Ti.r and Tjp are respectively the junction temperatures of IGBT and diode
Ve ref, VF_Rrer are the reference voltages for IGBT and diode switching losses
derived from their respective data sheets.

3.1.2.3 Flying capacitor loss

Losses in the flying capacitors of the FC-MMCC are accounted for by the
products of their internal equivalent series resistance (E.S.R) Rca and the
current flowing through them during both charging and discharging periods
[155]. The capacitor energy loss Ecap is expressed as:

' dv
E, = [IOCZ(E)Z-Rc@dt. (3.10)

For the FC sub-module flying capacitors, such as C4 and Cg in Figure 3.1,
either a charge or discharge transition occurs between a time interval fo- t.
The average power loss within this time interval is expressed as:

Pavg_cap :fS'Ecap' (311)
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3.1.2.4 A Power Loss Estimation Algorithm

The total power loss for a switching device can be estimated by combining the
conduction and switching losses evaluated separately using the equations
already described in the previous subsections. However, in this research, a
more accurate loss estimation algorithm is applied. This uses the IGBT
characteristic curves between Ic, T.r and Vce, as shown in Figure 3.3(a), which
is given in the device data sheet [29]. According to device measured current
and temperature values these curves, embedded in the power loss calculation
model as a look-up table, give the device on-state voltages Vce. Likewise, the
characteristic curves for diode forward voltage VF are also embedded as a
look-up table in the model. As illustrated in Figure 3.3(a), these tables enable
Vce and Vr evaluations at two different device junction temperatures (125°C
and 150°C). Voltage values which are not given in these tables are estimated
by interpolation. These obtained values are then used to evaluate device
conduction losses using equations (3.4)-(3.6). For switching power loss
calculation characteristics curves of IGBT switching energy losses, shown in
Figure 3.3(b), is used. Applying different values of device current and voltage,
these curves give Es for IGBT at the same two junction temperatures as that
for conduction loss. These curves are also embedded as a set of look-up
tables. The next procedure following Es evaluation calculates switching loss
using equation (3.7).

A thermal circuit model is used for evaluating the device instantaneous
temperature T,. This applies the average power loss values obtained for each
device, and the device thermal impedance. According to device data sheet,
the device thermal impedance values considered include a junction to case
(Rtnuc), case to heat sink (RicH), and heat sink to ambient ((Ri+) impedance
as seen in Appendix B1. Figure. 3.4(a) shows the structure of the thermal
circuit model for a device pack consisting of a diode and an IGBT.

Based on the above-described procedure, a power loss evaluation algorithm
is derived aggregating both conduction and switching losses over a
fundamental cycle for each IGBT and diode. Using measured device current
this algorithm works iteratively in evaluating converter total power loss in real
time operation. The procedure of this evaluation algorithm is listed below;

e The device junction temperature is initially set to the measured ambient
temperature value.

¢ Individual device on state voltage Vce or diode forward voltage VF are
estimated using their current (either /c or Ir) and junction temperatures.

e Device switching energies are calculated using their look-up table.
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e Both on state voltage and switching energies are applied in calculating
either diode Protap or IGBT power losses Prota 1.

e Device power losses are fed into the thermal circuit model in evaluating
their corresponding device junction temperature.

With the newly evaluated temperature values, the iteration process completes
and returns to the beginning to calculate the new power loss values. This
process repeats until the device junction temperature and power loss values
settle to constants. The algorithm has been applied to assess the efficiencies
of an MMCC under different PWM schemes and will be described in the
preceding subsections. Figure 3.4 (b) shows the algorithm which is applied to
a simulated FC-MMCC.
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Figure 3.4: (a) Thermal and (b) loss evaluation model for an FC-MMCC.
3.1.3 Total Harmonic Distortion (THD)

This metric is used to assess the output voltage waveform performance. The
THD of a voltage waveform primarily depends on the PWM methods used and
switching frequency and is defined as:

THD = | > (Zj (3.12)

n=2,3,..

where V7, and V, refer to the rms values of the fundamental and nth harmonic
component present in the converter output voltage. For this analysis, the
unipolar switching method is applied to all PWM methods tested.

3.1.4 Sub-module Switch Utilization

This metric is used to investigate the switches within a sub-module that are
evenly or unequally stressed/utilized over a fundamental period. This implies
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that if some switches are more stressed within a sub-module, these switches
will be more prone to failure.

3.2 Carrier Placement PWM Techniques

Detailed research has been carried out over the years on the carrier
placement-based pulse width modulation techniques for multilevel converters
[51, 163-169]. In principle, this compares triangular carrier signals with
sinusoidal reference signals, the obtained switching pulses which synthesize
the reference signals are applied to control the converter switches [164].

The choice of a carrier placement strategy depends on the requirement of the
application. These carrier placement modulation techniques can broadly be
grouped into two namely; the vertical and horizontal placement techniques.
The former has multiple triangular carrier waves displaced along the voltage
axis at different voltage levels, each relates to a complementary switch pair.
There are in general three such methods; phase disposition PWM (PD-PWM),
phase opposition disposition PWM (POD-PWM) and alternative phase
opposition disposition PWM (APOD-PWM). For the horizontal carrier
placement schemes, multiple triangular carrier waves are displaced along the
horizontal (time or phase angle) axis from each other with equal phase shifts.
All these techniques have been discussed in detail by Holmes et al [165].

In this section, the PD-PWM, swapped carrier PWM, and PS-PWM applied to
control the FC-MMCC are discussed and compared below.

3.2.1 Phase Disposed PWM (PD-PWM)

This also called the level shift PWM, involves displacing the triangular carriers
vertically according to the voltage levels. The number of the triangular carriers
used is determined by the number of distinct voltage levels minus 1 and for
the five level FC-MMCC example used in this research, four triangular carrier
signals are used. The four level-shifted carriers are all in phase and equally
spaced from -1 to +1. They are compared with two reference signals which
are phase shifted by 180° and with the same magnitudes and frequency. The
PD-PWM scheme implemented for phase A of the FC-MMCC is illustrated in
Figure 3.5. The four carrier signals are compared with two sinusoidal
reference signals with their respective magnitudes +V/er and -Vier. Frequency
modulation index ms=15, and amplitude modulation index ma =0.8 are applied.
The resultant pulse signals, as shown in Figure 3.5, are applied to control eight
complementary switch pairs in the two chained FC sub-modules. The first two
(red and orange) are for two left limb switch pairs Sa1:Sas and Sa2:Sa3 in sub-
module 1. The second two (green and blue) are to fire the same left-limb
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switch pairs in sub-module 2. The third pair and fourth pair of pulse signals
fire switch pairs. Sp1:Sp4 and Sp2:Sk3 on the right-hand-side limbs of sub-
modules 1 and 2.
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Figure 3.5: Phase disposed PWM for FC-MMCC at mr =15.
3.2.1.1 Natural Voltage balancing ability

The inner flying capacitor voltage natural balancing ability of the FC-MMCC
under steady-state is investigated when controlled by the above PD-PWM
switching signals. The voltage waveforms of these capacitors in sub-modules
1 and 2 and their corresponding switching signals as illustrated in Figure 3.6
are used for this analysis.
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Figure 3.6: PD-PWM switching actions for investigating sub-module flying
capacitor variation.

As observed from waveforms in this figure, starting from voltage = 50V, the
inner flying capacitors in both sub-modules experience equal charging and
discharging durations, For example for sub-module 1, voltage falling interval
a equals voltage rising duration b, while for sub-module 2, voltage falling
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interval ¢ and d equals voltage rising period e and f. Thus resulting in zero
voltage drift over every fundamental cycle. However, the voltage deviation
across each FC sub-module differs. This is accounted for by the switching
actions of (Sa1:Sa2 and Sp1:Sp2) switches in each sub-module. For sub-module
1, the mean voltage deviation is about +70% because over each half
fundamental cycle, the pulses applied across S:1=0, Si:2=71 has longer
durations which discharges and charges Ca in each half of the fundamental
cycle. Whilst for sub-module 2, both Ca and Cs experience mean voltage
deviation of about +8%, which is attributed by (Sa1:Sa2 and Sp1:Sh2) switches
having shorter durations of charging and discharging states compared to
longer periods when both switches are high (i.e. Ca and Cs are bypassed)
over each fundamental cycle.

As a result of the large Flying capacitor voltage variation in sub-module 1, the
spectral quality of the output voltage waveform will be adversely affected. The
performance of natural voltage balancing of the flying capacitors makes this
PWM method undesirable for some applications.

3.2.1.2 Power losses
Conduction loss

As observed from Figure 3.7, modulation index affects both IGBT and diode
conduction losses in different ways, i.e. when m, increases, the conduction
periods of the IGBTs increase, while those of the diodes reduce (see Figure
3.8(a)). Therefore, the ratio of the diode to IGBT conduction losses decreases
as ma increases (see appendix B2). It is also observed that, for the same
reference magnitude, increasing the switching frequency has no impact on the
conduction loss occurring in the IGBTs and diodes. As illustrated in Figure
3.8(b), the conduction losses for the same m, at carrier frequencies fs=0.75
kHz, 1.5 kHz and 3.0 kHz are the same.
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Figure 3.8: (a) variation in reference signal ma; (b) variation in carrier signal
frequency.

Switching loss

As observed in Figure 3.9, FC-MMCC switching loss increases as switching
frequency increases. The number of switching transitions increases by a
factor of 2 as the switching frequency increases from 0.75 kHz to 1.50 kHz
(see Figure 3.8(b)). Also, as modulation index increases for a fixed switching
frequency, the number of switching transitions remains the same, see Figure
3.8(a). The diode switching loss is nearly about 25% of the IGBT switching
loss as seen in Figure 3.9.
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Figure 3.9: IGBT and Diode switching loss.
Flying Capacitor losses

Due to the difference in voltage deviations between the inner flying capacitors
of sub-modules 1 and 2, the power dissipations in both are unequal as seen
in Figure 3.10. It can be seen that the area of the charge/discharge region of
each sub-module inner capacitor (see Figure 3.6) has a direct relationship
with the power loss shown (see appendix B4).

I Sub-module 2
I Sub-module 1

12

Flying Capacitor Losses (W)

0.8 09 0.60.7 0.8 0.9
Modulation index Ma

Figure 3.10: Flying capacitor loss.
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Total loss

As observed from Figure 3.11, as ma increases, the total power loss
increases, which is mainly contributed by IGBT conduction losses. Likewise,
increase in total loss is only accounted for by the IGBT and diode switching
losses as switching frequency increases. In addition, the power loss
contribution of the IGBTSs, diodes and inner floating capacitors with respect to
the total loss are 60%, 15% and 25% respectively.

[ Fly Cap.

I Diode
I GBT

Total Losses (W)

0
0.6 0.7 0.8 09 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
Modulation index Ma

Figure 3.11: Total Losses.
3.2.1.3 Total harmonic distortion (THD) analysis

In analysing the spectrum quality of the FC-MMCC output voltage, the Fourier
series of the instantaneous voltage signal v(t) generated by the carrier
placement scheme is used [165]. This is expressed as:

v(t): a—z‘m + i ao cos coot + ¢, ))+ b,, sin( (a)ot + ¢, ))]
1 TCIWTD/_CJO/fS‘Ct) n=l 2" Term(Fundamentd+Bmeband harmomcv)
+ 2l coslm(oct + ¢ )+ b, sinlm(@ct + ¢ ) (3.13)

L

3" Term(Carrter harmomcv)

i cos(m(@t + ¢ )+ n(w,t +6,))
+;‘Z +b, sm( (wct+¢c)+n(a)0t+gbo))}

4" Term(Sideband harmonics)

where aopo represents the amplitude of the DC offset and should always be
zero for all modulation strategies investigated in this chapter.
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aon and bon, are for reference fundamental component and its harmonics with
index n, and often refer as the baseband harmonics. amo, bmo and amn, bmn
represent the amplitudes of carrier and sideband harmonic components,
where n and m represent the index variables for the baseband and carrier
harmonics.

@, =2n/Tand ®.=2n/T. are the reference and carrier signal angular

frequencies, @, and @ phase shifts of the reference and carrier signals.

According to (3.13), the first DC offset term is zero, the second term
represents the fundamental component surrounded by baseband harmonics.
For the carrier placement method, all baseband harmonics before the
equivalent carrier switching frequency are totally suppressed except the
fundamental signal. The third term is the harmonic element at carrier signal
frequency and its multiples. The fourth term represents the sideband
harmonics resulting from the difference between the carrier and baseband
harmonic components.

For this modulation method, it ideally gives good harmonic performance when
three-level H-bridge sub-modules are used. However if using the five-level
FC H-bridge sub-modules, the flying capacitor voltages deviate too far from
their nominal values causing poor spectral quality of the output voltage
waveform. Figure 3.12 shows the ideal phase and line-line voltage waveforms
with ma=0.8 and ms =15. From the harmonic spectrum of the phase voltage
shown in Figure 3.13(a), it can be seen that all baseband harmonics and
harmonics at twice the switching or carrier frequency and its multiples are
suppressed except the fundamental and sideband harmonics due to the
unipolar switching. These sideband harmonics frequencies are expressed as:

f, =hxf, =((j2m,) £ k)f, (3.14)
where j=1, 2, 3... k=1, 3, 5 ...odd number,

The total harmonic distortion of the phase voltage waveform is 12.10%. From
the Figure 3.13, the first sidebands before and after the 2ms are evaluated
using (3.14) as:

foo =(2x15-1)x50=1450Hz, f;, =(2x15+1)x50=1550Hz(3.15)

Likewise, for the line voltage spectrum, all the 3™ order harmonics are
suppressed and the sideband harmonics appear around the even multiples of
ms. The total harmonic distortion for the line voltage waveform is 9.25% as
illustrated in Figure 3.13 (b).
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Figure 3.12: (a) Phase voltage waveform, (b) Line-line voltage waveform.

The harmonic order for the line voltage spectrum can be expressed using 3.13
but with j=1, 2, 3... k=1, 5, 7 ...odd numbers excluding multiples of 3.

However using PD-PWM to control a nine-level FC-MMCC, the phase and line
voltage spectra as shown in Figure 3.15 (a) and (b), has some baseband
harmonics around the fundamental. These are introduced by the large voltage
deviation of the flying capacitors Ca and Cg of sub-module 1, hence creating
distortions on the output voltage waveform having a THD of 17.86%. The
sideband harmonics (i.e. for both phase and line voltage spectra) appear
around the carrier frequency as shown in Figure 3.15. Figure 3.16 illustrates
a 3-D plot of phase voltage THD as a function of modulation frequency and
amplitude modulation index. As expected, THD reduces drastically as ma
increases, while it reduces slightly when mrincreases.
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Figure 3.13: (a) Phase voltage spectrum, (b) Line voltage spectrum.
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Figure 3.14: (a) Phase voltage of the FC-MMCC (highlighting the
intermediate voltage levels that are contributing to the distortion of voltage
waveform) and (b) Line voltage.

3.2.1.4 Sub-module switch utilization

It is seen from Figure 3.5, that the conduction periods are different for each
sub-module switch, and hence the conduction losses are different for different
switches. From Figure 3.17, switches Sa1, Sazshow less conduction loss than
Sa2, Sas. This uneven switch utilization across the five-level FC sub-module
affects the charging and discharging of the sub-module capacitors, making
this topology unattractive for active power filtering and FACTS application.
The unequal utilization also results in uneven heat distribution across sub-
module switches.
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Figure 3.15: (a) Phase and (b) line voltage spectra.

10.00
18.00
26.00
34.00
42.00
50.00
58.00
66.00
74.00
82.00
90.00
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Figure 3.17: Sub-module Switch utilization conduction losses.
3.2.2 Swapped Carrier PWM (SC-PWM)

To handle the shortcomings of the PD-PWM technique when applied to FC-
MMCC, a new modulation technique known as swapped or rotational carrier
PWM was developed. In this method, the level of the carrier signals are
rotated in an orderly manner either at the end of each quarter fundamental
cycle or at the end of each carrier wave cycle. These distinct swapping
patterns are referred to as method 1 and method 2.

With the two anti-phase modulating signals compared with four carrier signals,
carrier signals 1 and 2 control complementary pair (Sa1:Sa4, S»1:Sb4) and
(Sa2:Sa3, Sb2:Sp3) and in sub-module 1 while carrier signals 3 and 4 are for
switches in sub-module 2. A modulation frequency index ms=15 is applied.

3.2.2.1 Method 1 - Quarter fundamental cycle rotation

Figure 3.18 shows this method. The colour code in Figure 3.5 (PD-PWM) is
maintained for reference. Here the two carriers, (Red and Green) that lie
above x — axis and intersect with the positive reference +V,r, are dedicated
for sub-module 1 Left-Hand-Side (LHS) switches Sa1:Sas and Sa2:Saz. They
interchange their vertical positions after every quarter of the reference signal
cycle (Tm/4). The other two carriers (Blue and Brown) lying below the x — axis,
and also intersecting with +V/er, are for sub-module 2 LHS switches S.7 and
Sa2 and change positions at the same quarter cycle instants. This procedure
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is also applied to control sub-modules 1 and 2 RHS switches, Sp1:Sp4 and
Sb2:Sh3.

This sequence of alternating positions is repeated for the other two carriers
in the second (i.e. negative) half cycle. After the first fundamental cycle Tnm,
the two carrier signals, either above or below the x-axis are transposed, i.e.
red (signal-1) shifts to level 2, green (signal-2) up to level 1, blue (signal-3)
down to level 4 and brown (signal-4) up to level 3. Then the quarter cycle
swapping procedure applied during the first fundamental cycle is repeated.
This two carrier rotational sequences (i.e. for signal-1, level 1 to level 2 first
fundamental cycle and level 2 to level 1 second fundamental cycle) are
repeated for every two fundamental cycles. The effect of this quarter cycle
swapping is that it brings a phase shift equal to the duration T,/4 between the
two resultant adjacent pulse signals during each positive and negative half of
the modulating signals.

3.2.2.2 Method 2- Carrier cycle rotation method

Figure 3.19 shows this method. The two carriers across the positive and
negative of the reference signals swap their positions after each carrier cycle
(Tc), namely the Red (carrier signal -1) and the green (carrier signal-2) swap
their positions every carrier cycle. The same applies to blue (carrier signal -3)
and brown (carrier signal-4). This sequence of swapping positions is repeated
for a fundamental cycle period Tm. At the beginning of the second fundamental
cycle, the swapping sequence is transposed such that carrier signal-1
occupies the former position of carrier signal-2, carrier signal-2 occupies the
former position of carrier signal-1. Likewise, carrier signal-3 and carrier signal-
4 swap their previous positions at the first carrier cycle. These two carrier
rotational sequences are repeated for every two modulating cycles. This
method creates a phase shift equivalent to the duration T¢ between the two
adjacent carrier signals in controlling sub-module 1 and 2.



g I I [

R
AL

) R

R I




-74 -

R

“l hAﬂA?
Egmjm;tr ——Tmr——
Ssof[TTUML O 1
%'Sal: LA T , UL i
55“: UL . HIN(ENL
R S 011 [ | WA B
eI S [ 0 D N [ A1 [
ST O
5 *=f 1L T

Figure 3.19: Carrier cycle rotation method for FC-MMCC.
3.2.2.3 Natural balancing ability

Using the switching signals generated by the above two carrier swapping
PWM techniques, the natural voltage balancing ability of the FC-MMCC’s
inner flying capacitors is assessed over two modulation cycles. Figure 3.20
shows the switching signals for Sa7 and Sa2, and those for Sps and Spo,
together with the voltage waveforms of their corresponding inner capacitors,
Ca and Cs, when Method 1 is used. In Figure 3.21 the switching signals for
the same pairs of devices and voltage waveforms of the same inner capacitors
under Method 2 are displayed.
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Figure 3.21: Carrier cycle rotation PWM switching actions for investigating
sub-module flying capacitor variation.

As observed from both sets of diagrams, the patterns of switching pulses for
LHS Sa7 and Saz and those for RHS Sp1 and Sp2 are symmetrical except for
the phase shifts over two fundamental cycles. Consequently if, during the first
fundamental cycle, the switching signals cause the inner flying capacitors to
discharge, they would result in the same capacitors being charged during the
second cycle, and vice versa. Also the ampere-time products for charging and

discharging intervals would be equal, making the voltage drift to be zero.
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For the quarter cycle rotational method as shown in Figure 3.20, it is observed
that due to spreading the carrier swapping sequence over half a cycle of the
modulating signal, the inner flying capacitors voltages vary by +35% during
the first and second fundamental cycle. This same swapping sequence is
implemented with two carrier cycles (i.e. carrier cycle rotation method) causing
the inner capacitors to deviate by +10% under both fundamental cycles. The
difference in capacitor voltage deviation between both methods lies with the
duration if the switches when Ca and Cs are bypassed. In contrast, the PD-
PWM scheme experiences longer durations of charging and discharging
switch operating states compared to the SC-PWM. Thus, the swapped carrier
PWM can achieve natural balancing with less voltage deviation compared to
the phase disposed PWM.

3.2.2.4 Power loss
Conduction loss

Similar relationships between conduction losses and ma, mrdiscussed for PD-
PWM exist for both swapped carrier PWM methods, as can be seen in Figure
3.22 and Figure 3.23 respectively. As observed across Figure 3.24(a) and
Figure 3.24(b), the carrier Method 2 experiences more conduction periods
than the Method 1 quarter cycle PWM corresponding to conduction losses of
27.90W and 29.65W respectively at fs=0.75 kHz and m,=0.8 (see appendix
B7-B8).
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Figure 3.22: Quarter cycle rotation PWM IGBT and Diode conduction loss.
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Switching loss

Under both swapped carrier methods, the switching losses increase by a
factor of two as switching frequency increases from 0.75 kHz and 1.5 kHz
respectively as seen in Figure 3.25 and Figure 3.26. The difference in
switching losses between both methods is solely accounted for by their
number of switching transitions over half a fundamental cycle (see Figure
3.24). The diode switching loss is nearly about 25% of the IGBT switching loss
as seen in Figures 3.25 and 3.26.
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Figure 3.26: Carrier cycle rotation PWM IGBT and Diode switching loss.
Flying Capacitor losses

The power losses across both sub-module inner flying capacitors of both
methods are equal (see Figure 3.27 and Figure 3.28). This is because the
area of charge/discharge region of each inner capacitors (see Figure 3.20 and
Figure 3.21) are equal.
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Figure 3.27: Quarter cycle rotation PWM Flying capacitor loss.
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Figure 3.28: Carrier cycle rotation PWM Flying capacitor loss.
Total loss

The relationship expressed under PD-PWM scheme between total losses with
ma and myr is similar under these methods. In contrast, the Carrier cycle
rotation PWM incurs higher total losses compared to the Quarter cycle rotation
PWM.
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Figure 3.29: Quarter cycle rotation PWM total loss.
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Figure 3.30: Carrier cycle rotation PWM total loss.
3.2.2.5 Total harmonic distortion (THD) analysis

The phase voltage and line-to-line voltage waveforms, and their frequency
spectra, for the two swapped carrier PWM methods are shown in Figures
3.31- 3.34. The harmonic orders in the spectra of the phase and line output
voltage waveforms are expressed below using unipolar switching:

Phase voltage: f, =/ xf, =(j(2mf)irk)f0 (3.16)
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where j=1, 2, 3... k=1, 3, 5 ...odd number for phase voltage while for line
voltage j=1, 2, 3... k=1, 5, 7 ...odd number, excluding odd multiples of 3.

The THDs for the phase and line output voltage waveforms are 16.92%,
15.55% for Method 1 and 12.68%, 9.74% for Method 2. The difference in
spectrum quality for both methods lies in the fact that for the quarter cycle
method, some baseband harmonics are present around the fundamental
frequency while for the carrier cycle method, the baseband harmonics are
suppressed up to sidebands found around 2ms These baseband harmonics
are introduced by the large voltage deviations experienced by the inner flying
capacitors. These variations in the flying capacitor voltages create distortion
in the output voltage waveforms as seen in Figure 3.31 (phase voltage
waveform for quarter cycle method). Figures 3.35 and 3.36 show the 3-D plot
of phase voltage THD as a function of mrand ma for both methods. As can be
seen, the carrier rotational method provides better THD performance
compared to the quarter cycle method.
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Figure 3.31: Quarter cycle method (a) Phase, (b) line voltage waveforms.
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Figure 3.32: Carrier cycle method (a) Phase, (b) line voltage waveforms.

3.2.2.6 Sub-module switch utilization

From Figures 3.37 — 3.38, switches Sa1, Saz exhibit less conduction loss than
Sa3, Sas. But the variation in sub-module switch utilization is lower compared
to the PD-PWM scheme.
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Figure 3.33: Quarter cycle method highlighting (a) phase and (b) line voltage
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—FFT analysi
Fundamental (50Hz) = 276.5 , THD= 9.74%
T T T T T T T
100 F 6 2 5' ]
o0l my- 2my+5 |
al 3" order harmonics eliminated |

= 80} -
£
g T} 2my .
E 5| |
L)
< 60 -
g 2mye-l |\ 2mp+1
w
b 50 | I .
[-] L i A ™
= e 24 26 28 36 i
=
L)
= kb -

20 B

10 ) N —— -

t ~
0 n i Ll 1 11 I I I 1 |
0 5 10 15 20 25 30 35 40
Harmonic order ™ == == == o o o oo -

Figure 3.34: Carrier cycle method highlighting (a) phase and (b) line voltage
spectra.

Figure 3.35: Quarter cycle PWM 3-D plot of Total Harmonic Distortion as a
function of ma and mr
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Figure 3.36: Carrier cycle PWM 3-D plot of Total Harmonic Distortion as a
function of m, and mr
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Figure 3.37: Quarter cycle PWM sub-module switch utilization conduction
losses.
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Figure 3.38: Quarter cycle PWM sub-module switch utilization conduction
losses.

3.2.3 Phase Shifted PWM (PS-PWM)

This is also known as horizontal displacement PWM. This involves the use of
multiple triangular carriers which are equally phase or time shifted from each
other along the horizontal axis. The number of carriers Nt required by this
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technique is given by the number of voltage levels m, minus 1. For the two
sub-module cascaded FC-MMCC, four triangular carrier signals are required
in total; two for each sub-module (i.e. for unipolar switching). The constant
phase angle delay ac between carriers is expressed as:

180"

(04
c
NT

(3.17)

where Nr is the total number of triangular carriers and in this case it is 4, so
ac =459,

The PS-PWM scheme implemented for the FC-MMCC and the resultant pulse
trains for the switches of two cascaded FC modules in one phase limb are
illustrated in Figure 3.40. The four phase-shifted carrier signals are compared
with the two anti-phased reference signals Vs and —Vier to synthesize
switching signals.

For sub-module 1, Vier compared to triangular carriers 1 (Red) and 2 (Green)
generates switching pulses to drive the complementary switches Sa1:Sas and
Sa2:Sa3 and whilst —V/er compared with the same carriers leads to signals to
drive switching pairs Se»1:Spbs and Sb2:Sps. In this case, the modulation
frequency index mr =5 is used and m,=0.8. The switching signals for sub-
module 2 are also shown in Figure 3.40.
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Figure 3.39: Phase shifted PWM for FC-MMCC at mr =5.
3.2.3.1 Natural balancing ability

The balancing ability of the PS-PWM scheme for the inner flying capacitors is
investigated using sub-module switching signals shown in Figure 3.40 for one
reference cycle operation.
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Figure 3.40: Phase shifted PWM switching actions for investigating sub-
module flying capacitor variation.

As observed from Figure 3.40, the switching patterns are symmetrical over a
fundamental half cycle. This symmetry results from the repetitive nature of the
switching signals over a fundamental cycle, thus resulting in the
charging/discharging durations in each half modulating cycle to be equal
having a zero voltage drift (i.e. charge/discharge under area A = area B).
Balance is assessed by considering whether the net charge transferred over
one cycle is zero. In this example, the inner flying capacitor voltages deviate
from their nominal values by +1.5% per cycle. This small deviation is
accounted by the bypass states of Ca and Cg far exceeding their
charge/discharge operating switch states.

3.2.3.2 Power loss

Conduction loss

Similar relationships between conduction losses and ma, ms discussed for PD-
PWM exist for the PS-PWM scheme, as seen in Figure 3.41.
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Conduction Losses (W)

Modulation index Ma

Figure 3.41: IGBT and Diode conduction loss.
Switching loss

The switching loss of IGBT and diode increases by a factor of two as switching
frequency increases by 2 as illustrated in Figure 3.42. In comparing with other
carrier PWM techniques, the PS-PWM switching losses is higher than the
other carrier types. This is attributed to the horizontal displacement of carriers
such that when compared to the modulating signal, the number of switching
transition is more compared to vertically displaced carriers.
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Figure 3.42: IGBT and Diode switching loss.
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Flying Capacitor losses

The equal area of charge/discharge of each inner flying capacitor as shown in
Figure 3.40 validates each sub-module flying capacitor experiencing equal
power loss (see Figure 3.43).

I Sub-module 2
I Sub-module 1

0.75,kHz 1.5kHz 3.0kHz
| \ A

|

Flying Capacitor Losses (W)

06 07 08 09 0.6 0.7 0.8 09" 06 0.7 0.8 0.9

Modulation index Ma

Figure 3.43: Flying capacitor loss.
Total loss

The power loss contributions of IGBT, diode and inner floating capacitor with
respect to the total loss are 64%, 17.8% and 18.2% see Figure 3.44.
[ Fly cap.

Il Diode
50 B BT

Total Losses (W)

Modulation index Ma

Figure 3.44: Total Losses.
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3.2.3.3 Total harmonic distortion (THD) analysis

The FC-MMCC phase and line voltage waveforms and frequency spectra are
shown in Figure 3.45 and Figure 3.46. For this analysis, ms=15. The harmonic
orders in the spectra of the phase and line output voltage are expressed below
as:

Phase voltage: f, =/ xf, =(j8mf J_rk)fo (3.18)

where j=1, 2, 3... k=1, 3, 5 ...odd number for phase voltage while for line
voltage j=1, 2, 3... k=1, 5, 7 ...odd number, excluding odd multiples of 3.

As observed from both Figure 3.46 (a) and Figure 3.46 (b), all the baseband,
and sideband around carrier harmonics are suppressed until the 8" multiple
of the carrier frequency. This is because the four phase-shifted carriers and
the two anti-phase reference signals make the equivalent switching frequency
of the FC-MMCC to be eight times the cell switching frequency (i.e. fsw=8 x
fs).

The THD for both the phase and line voltages are 12.92% and 9.70%
respectively. For the phase voltage spectrum, all even harmonics are
eliminated with sideband harmonics appearing around 8mr and its multiples,
whilst for line frequency spectrum, all 3™ order harmonics appearing around
8mys and its multiples are eliminated. Figure 3.47 shows the 3-D plot of phase
voltage THD as a function of both frequency and amplitude modulation
indexes for both methods.
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Figure 3.45: (a) phase and (b) line voltage waveforms of the FC-MMCC.
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Figure 3.46: (a) phase and; (b) voltage spectra (PS-PWM).

Figure 3.47: PS-PWM 3-D plot of Total harmonic distortion as a function of
mg and mr
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3.2.3.4 Sub-module switch utilization

From Figure 3.48, it is observed that the sub-module switches are equally
utilized over every fundamental cycle. This is because the pulses applied in
controlling the sub-module switches are identical. From appendix B.21, the
switches Sa1, Sa2 and Ss»1, Sb2 across a sub-module experience equal
conduction losses.

1.5

-
o

Losses (W)

e
3
|

0.0 -
Sa1 Sa2 Sa3 Sa4 Sa1 Sa2 Sa3 Sa4 Sa1 Sa2 Sa3 Sa4

0.6 Modulation ir(l)d%x Ma 0.8

Figure 3.48: PS-PWM sub-module switch utilization conduction losses.

3.3 Discussion and Comparison of different Carrier PWM
Techniques

3.3.1Natural Balancing Ability

This is achievable under all the PWM schemes discussed but the amount of
voltage deviation varies between them. This is as observed in Figure 3.49,
which shows the relationship between mrand inner capacitor voltage variation
(i.,e. actual voltage deviation/nominal capacitor voltage) for all PWM
techniques. The PS-PWM followed by the carrier-swapped PWM offers the
best voltage deviation compared to the others. This is due to the high number
of switching transitions provided by these schemes.
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Figure 3.49: Inner flying capacitor voltage with respect to (a) modulation
index and (b) modulation frequency.

3.3.2 Power loss

As seen in Figure 3.50(b), the PD-PWM and quarter cycle PWM give the
highest and lowest conduction losses compared to the other PWM schemes.
This is accounted for by their conduction periods. Figure 3.50(a) shows that
the PS-PWM incurs more switching losses compared to other PWM methods.
This is due to the phase shifting effect of its carrier signals which result in an
equivalent switching frequency of 8ms compared to the 2my offered by the
vertically displaced methods.
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Figure 3.50: Power losses (a) conduction and (b) switching losses.

The PS-PWM and PD-PWM produce the lowest and highest inner flying
capacitor power losses as seen in Figure 3.51(a). This is because the rate of
charge and discharge has a direct relationship with power dissipated across
the equivalent series resistance of each inner flying capacitor. In addition, the
summation of each device power losses shows that the PD-PWM results in

the highest while the quarter cycle method offers the lowest, see Figure
3.51(b).
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Figure 3.51: Power losses (a) Flying capacitor and (b) total losses.
3.3.3 Total harmonic distortion

The PS-PWM and PD-PWM generate the best and worst THDs compared to
the two carrier swapped methods as seen in Figure 3.52. The PS-PWM is
superior because it offers less voltage deviation for its inner flying capacitors
which build-up the intermediate states of the converter output voltage.
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Figure 3.52: Total harmonic distortion with respect to (a) modulation index
and (b) modulation frequency.

3.3.4 Sub-module switch utilization

From Figure 3.53, it is seen that in comparing between S,1 and Sa2 switches
for effective inner flying capacitor balancing,these switches are equally used
for both PS-PWM and carrier — swapped methods, and slightly utilized for the
quarter cycle method while the PD-PWM give the worst utilization.
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Figure 3.53: Sub-module switch utilization.

To graphically analyse these PWM methods for FC-MMCC application, a
scoring system allocating values for each PWM schemes is used. These
values range from 1-4, where first-4 and down to fourth-1. From Figure 3.54,
the PS-PWM scheme offers the best performances followed by the rotational

carrier method.

Matural Balancing
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PS-PWM
- Carrier-PWM

e Quarter-PWM
Good —— PD-PWM

Poor

Switch utilization Power loss

THD

Figure 3.54: Carrier placement PWM ranking.

3.4 Summary

This chapter has presented four carrier-based PWM schemes for the FC-
MMCC. All schemes were analysed in terms of natural voltage balancing
ability of their inner flying capacitors, power losses, THD and sub-module
switch utilization. In comparison with other three schemes, the PS-PWM
stands out to be the best in all four criteria.
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Chapter 4
Overlapping Hexagon Space Vector Modulation Strategy

Space vector modulation technique is a well-known and preferred PWM
scheme for voltage source converters of all voltage levels since it offers an
extra 15.5% dc bus voltage utilization [170], and reduced current ripples. This
method cannot be applicable when a phase angle unbalanced exist between
voltage phases. For its control of the basic three-phase two-level converter
the SVM technique uses the three-phase stationary reference frame voltages
to represent each inverter switch state. These states are mapped to the
complex two-phase orthogonal a-g plane, hence forming a hexagon. The
reference voltage is represented as a vector in this plane and duty-cycles are
computed for the selected switching state vectors in proximity to the reference.

For multilevel converters, conventional and MMCC, implementation of space
vector modulation technique, though widely known and popular [170-175], is
complicated. In particular, for an MMCC having many modules per phase, the
number of switch states can be large and increases with the voltage levels,
hence the on-line selection of switch states and calculation of duty cycle at
different voltage levels become tedious. In addition, it is difficult to choose
switch states and sequences to simultaneously obtain capacitor voltage
balancing, minimum switching loss and harmonic reductions.

This chapter presents a novel overlapping hexagon space vector modulation
(OH-SVM) technique developed by the author for the control of modular
multilevel cascaded converters. The rationale of the proposed method is
simple; instead of using a single hexagon with multiple regions in the six
sectors to cover multiple levels of voltages, it uses either multiple two-level
hexagons or multiple three-level hexagons which are overlapped on each
other. The number of such hexagons is dependent on the number of cascaded
modules in an MMCC, and switching state selection and duty ratio calculation
can be performed per hexagon and per module without involving complicated
procedures when using a single multilevel hexagon. This scheme offers
flexibility and simplicity for controlling an MMCC with any number of chained
modules.

This chapter starts by reviewing the basic SVM technique for two-level and
multilevel converters. It then describes the new OH-SVM which uses both 2-
level and 3-level hexagons. Comparison between this new SVM and the
conventional multi-level SVM method for controlling an FC-MMCC with two
cascaded modules is performed by simulation studies of these methods. The
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OH-SVM technique using a 2-level hexagon method for two cascaded 3-level
H-bridge converters per phase is experimentally validated.

4.1 Review of the Basic SVM Method

Using the basic SVM technique for controlling a three-phase 2-level VSC with
dc-bus voltage+V, /2, the three phase abc coordinates are projected into a-

B coordinates see Figure 4.1, and the three phase voltages are transformed
to their equivalent a-B representation using Clarke transformation matrix as
expressed in (4.1) below:

1 1

— RV

Ve 2 2 2

_ _ 4.1

LJ 310 _ﬁ ﬁ Vb @
2 2 L%

For a 2-level VSC, there are eight switch states used to synthesize the
reference voltage vectorV . Its a-8 and abc coordinate forms are expressed
below:

2 2
Vig =v, + jvy = i(Va +V,e e Vce] 3 j . (4.2)

Using a-8 components the magnitude and angular value 6 of reference
voltage vector can be expressed as:

V

ref

VitV (4.3)

0 = tan [Zﬂj Py (4.4)

(24

where fs is the sampling frequency.

Amongst the eight voltage vectors, six are active (V1 -4 ) and two zero (7,

andV; ) states voltage vectors. These are mapped in a two-phase orthogonal
a-f plane, hence forming a hexagon constellation pattern in the complex plane
as shown in Figure 4.1. The three-phase reference voltage also mapped in
this plane can be approximated by the selected sequence of the switching

vectors and their corresponding duty-cycles. The magnitude of each switching
state vector is2V,. /3. The magnitude of a vector to the mid-point of the line

between each switching state vector vertex isV, /+/3. The amplitude

modulation index, ma,, is defined as the ratio of the peak output voltage
sinusoid to the maximum positive available voltageV, /2. Therefore, the

maximum possible modulation depth for SVM is 1.155 and so it can operate
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with modulation depths above unity, in the same way as sine-triangle PWM
with the 3™ order harmonic injection.

The location of Vref determines the voltage vectors involved in active
switching. The volt-second principle is applied in determining the duty cycle of
each voltage vectors when used [174, 176]. This principle states that the
product of the reference voltage vectorl7ref and its sampling period Ts must
be equal to the sum of the product of each three voltage vectors and their
dwell times closest t0 Vs . Using the example when the reference vector Vet
is in sector 1 of the hexagon in Figure 4.2, I7refis expressed as [165]:

VT, =V T, +V T, +V T, (4.5)

where T1, T2 and To are dwell times of voltage vectors Vi, V,andV,

respectively. Considering Vet in sector 1, the reference voltage vector and
the three voltage vectors are expressed as:

Vref = V

ref

(cos 0 + jsin0); V1=V, ;
g ' e _ (4.6)
Va=V, (cos %Jrjsm %);Vo =V;=0

Substituting (4.6) into (4.5) gives:

Ve (cos O+ jsin )Ty =TV, +T,V, (cos % + jsin %) : 4.7)
Vet
Real components: T 008 0 =TV, + TV cos % : (4.8)
dc
Imaginary components: QT sin@ =T,V cos 77 . (4.9)
V S 27 de 3

dc

Substituting the solution of T2 into (4.7), Ty is evaluated as:

2TV 2TV,
=2 ref sin(%—e); andT2 _ ST ing . (4.10)
37, V3V,

The dwell time for the zero switching state vector is expressed as:
L, =T,-1-T,

w, . : (4.11)
= S(l—\/gl/gcsm(%+9)]
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Figure 4.2: Creation of the desired output space vector with nearest three
switching vectors.

To implement the Space vector modulation technique either a symmetrical
method or a two- phase method is used. For the two-phase method, two zero
switching vectors, Vo and V, are applied either at the beginning or the end

of each Ty¢/2 switching period. In particular, if v, is applied at the end for all
odd sectors and for even sectors, ¥, is applied at the beginning. Using the
symmetrical method, both zero vectors are used at the beginning or at the end
of a half switching period alternatively, e.g. if V, is used at the beginning of
Ts/2 then 7 is applied at the end. In the second half cycle Vi is applied first
and 7, is used at the end as shown in Figure 4.3(b). Figure 4.3 shows the
space vector modulation vector patterns for the first sextant under both two-
phase and symmetrical methods. It is claimed that the symmetrical method
offers better output waveform quality while the two-phase method provides
reduced switching losses [177-179].
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Figure 4.3: Vector sequence for the (a) Two-phase and (b) symmetrical
method in the first sextant.

4.2 Space Vector Modulation for Multilevel Converters

Extending the two-level hexagon approach for controlling the multilevel
inverters [173] leads to an increased number of switching state vectors and
hence the increase in control complexity [171-173, 180-182]. For example,
considering a three-phase FC-MMCC formed by two cascaded full-bridge
FCC modules per phase leg, so regarding as two voltage tiers. Each leg’s left-
hand-side (LHS) half-bridge FCs A1, B1 and C1 forms a three-phase 5-level
converter which has 125 switching state vectors hexagon constellation as
shown in Figure 4.5(a). The same applies to the RHS Az, B2 and Cz. For either
LHS or RHS converters, the overall vector boundary still has a hexagonal
form, with vertices being the full voltage in each phase. For choosing the
switch states to control the converter and calculating their corresponding duty
ratios, the angular position of reference voltage I7refat every sample time
instant has to be identified. This can be difficult due to the extended hexagon.
One method is to divide each of the six hexagon sectors into multiple equal
triangles, and check which triangle encircles the vertex oeref . Naturally as the
number of voltage levels increases, the numbers of both the switching vectors
and triangle sections increases. The 5-level hexagon has 96 triangular regions
over six sectors with 16 small triangles per sector as shown in Figure 4.5(a)
and (b). In general, if n is the number of voltage levels (from 0 to +Vmax or —
Vmax to 0) per phase limb, the total numbers of triangular regions, nr, is:

ny =6(n-1)° (4.12)
and the number of switch states, ny, required to synthesize a reference
voltage for an n-level converter structure is:

n.o=n’. (4.13)

v

Consequently, the modulation process, involving reference vector region
determination, switch states selection, and later duty cycle calculation,
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becomes complicated and time-consuming. Also, it is difficult to determine the
sequence of switch states to simultaneously obtain capacitor voltage
balancing (i.e. inner flying capacitors for 5L-FCC), minimum switching loss
and harmonic reductions at a low switching frequency.

Vref

Figure 4.4: 5-level hexagon SVM implementation on two cascaded 5-Level
FCC.

Also like the carrier-based PWM method in Chapter 3, unipolar switching
technique may be applied, so two reference voltage vectors are identified
across the sectors during every switching instant. For the two cascaded 5-
level FCC shown in Figure 4.5, 9-level hexagon will be required to control the
cascaded 9-level FC-MMCC, to reduce the ease of |mplementat|on a 5-level
hexagon having two reference voltage vectors Vref and Vref' that are
antiphase to each other are applied as shown in Figure 4.6, where each
reference voltage vectors commences in sector 5 and 2. Table 4.1 shows the
regions corresponding to each modulation index range. Table 4.2 highlights
the complex conditions used in selecting each region based on the reference
voltage decompose into its a-B vector magnitude as defined in equations
(4.18)-(4.19). Figure 4.7 shows how the triangular regions within each sector
is determined using a reference voltage vector V et having a modulation index
ranging within 0.75 <ma<1.
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Table 4.1: Region selection based on ma=V/et/Vc

Modulation index Regions
ma
0.75=ma<1 R1—R7
0.5<m,=0.75 Rs—R12
0.25<m2<0.5 R13—R1s
0<m.<0.25 Rie

Sector 2

/A VAVAVAV/A

5

» ININNNIN N\,
JAVAVA VAV AV VAN
ANNNININN
\VAVAVAY?/ AVAVAVAY;
AVAYAV AVAVAVAY)
AVAV/AVAVAVAVAS
\V/AVAVAVAVZ: i Vi

Sector 5 [333] [211] [311] [411]
B [434] [322] [422]
[433]

(a) ®)

Figure 4.5: Conventional Multilevel-SVM (a) Hexagon for a 5-level SVM and
(b) Sector 1 of the 5-level hexagon.
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Figure 4.6: Sector identification for 5-level hexagon reference vectors.
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Table 4.2: Selection criteria for regions R1—R7

Criteria Regions
Vsa>0.75, Vsp<0.25 R1
0.5<Vsa0<0.75, Vsp<0.25, Vsa +Vsp>0.75 R2
0.5<Vsa<0.75, 0.25<Vsp<0.5 Rs
0.25<Vsa<0.5, 0.25<Vsp<0.5 R4
0.25<Vsa<0.5, 0.5<Vsp<0.75 Rs
Vsa<0.25, 0.5<Vsp<0.75, Vsa +Vs<0.75 Re
Vsa<0.25, Vsp>0.75 R7
g Ryp—pre——mr——mr P
& r [l A A
€ Rep || | =
g Ryl--—1--p----- - -
B Ryl L3 B S I 3
6 : 4
8 Rofooof Aot o f ] S L RO P s s
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Figure 4.7: Region selection for mz>0.75.

4.3 Overlapping Hexagon Space Vector Modulation

This new space vector modulation scheme developed by the author simplifies
the modulation procedure greatly for multilevel converters. There are two
methods of implementation depending on the type of hexagons used.

4.3.1 Using Two-level Hexagon

This is particularly suitable for MMCCs comprising 3-L H-bridge sub-modules.
It uses multiple two-level hexagons as shown in Figure 4.1. Each of them
defines the switch states of 3-L H-bridge sub-modules in one tier as seen in
Figure 4.8. As mentioned each H-bridge sub-module consists of two 2-level
half-bridges, there are six of them in a tier, forming two three-phase two-level
inverters, LHS and RHS ones. While the LHS one synthesizes a reference
voltage vector V. the RHS one synthesizes its 180°counterpart17ref', both
are in one two-level hexagon for determining the switch states of all switches
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in one tier. For an MMCC of 3-L H-bridge having four cascaded tiers and
generating 9-level voltage, a total of 4 hexagons are required which are
projected on one pair of a- axes as shown in Figure 4.9.

The two-level hexagons can also be used for MMCC with 5-L FC modules as
shown in Figure 4.4. Though in this case there are only two tiers, each uses
two hexagons and in total four hexagons are needed. These hexagons are all
on the same a-B axes and are phase shifted from each other by an angle asH
determined by the fundamental reference signal period T, and sample period,
Ts, and the number of complementary switches per phase limb nm, as [183]:

ag, _(TS/ZTn’”Jx%oO- (4.14)

Assuming the ratio of the sampling period to the fundamental period is 1/5,
(4.14) gives the phase shift between each overlapping hexagons
(360°/8)/5=9°, resulting in a 2-D representation that contains four interleaved
hexagons. It is worth noting that each sub-module consists of two 2-level or
two 3-level half-bridges, there been six of them in a tier.

Because of the phase shift between hexagons, the angular positions of both

Vwerand Vref' in each hexagon are also different. Taking the hexagon for the
lowest tier as the reference with angular value 6, that for the m? tier is given
as:

6, =0-(m-Dag, )rad , (4.15)
while 7« 'is displaced by 180° from 6.
4.3.1.1 Sector identification

Implementation of OH-SVM involves, firstly, determination of exact locations
of the reference voltage vectors, hence the switch states to be applied for each
tier. This requires identifying the sector number, according to the reference
voltage vector phase angle 6, at every sample time instant in a 2-level
hexagon. With multiple overlapped hexagons the sector numbers of the
reference voltage vector for each hexagon may be different at certain sample
instants. This can be obtained from the expression in (4.16) which shows the
Euclidean division of the perceived angle (6m) by the sector angle (609 or 11/3),
where Syrepresents the current sector number. Figure 4.10 shows the phase
shift between reference voltage vectors for each 2-level hexagons, where
each four of the hexagons have 4 reference voltage vectors (Vier, Vrerr, Vrer2
and Viers) and anti-phase (Vrer, Vierr’, Vrer2” and Viers') for controlling its LHS
and RHS switches.
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Figure 4.8: Schematic diagram of a MMCC with four cascaded 3-L H-bridges.

P -axis

Hexapon 4HC\‘]U0|1 3
l-i%xagon 2

cxa gon 1
AN

o -axis,A-axis

Figure 4.9: Two-level hexagon for OH-SVM highlighting phase shift between
each hexagons.

0,/(x/3)=(Sy —1)24 +0, mod T, . (4.16)

According to magnitudes and angles of Verand V' the switching vectors for
these modules and their respective duty ratios at each sample instant can be
calculated by applying the well-known two-level SVM technique as discussed
in section 4.1. Clearly using the two-level hexagons it simplifies the modulation
algorithm as compared to using five-level hexagons; since the former
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comprises only 8 switch states, there are no multiple triangular regions per
sector, hence no need to find which one of the sixteen triangles containing the
reference vectors of Verand V.
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Figure 4.10: Sector identification for 2-level hexagon reference vector.

Figure 4.11 shows the flowchart for implementing the OH-SVM using 2-level
hexagons. The control variables are initialized by first computing the
overlapping angle between the hexagons. The asH aids in the determination
of the sectors in which the reference voltage vectors lie in each hexagon.
Once the sector is identified, the dwell times of the three closest voltage
vectors are calculated and applied to control the converter switches.

4.3.2 Using Three-level Hexagons

For FC-MMCC modulation, three-level hexagon can also be used. In this
case, one tier comprises six FC half-bridge, hence having two three-phase
FCCs, as shown in Figure 4.4. For a three-level hexagon there are 27
switching state vectors as shown in Figure 4.12(a). And sector one is given in
Figure 4.12(b). Naturally, for MMCC in Figure 4.4 with only two tiers, two such
hexagons are needed, both are projected on a pair of a-8 axes as shown in
Figure 4.12(c). The phase shifts between these overlapping 3-level hexagons
are evaluated using the same formula (4.14)from each other by an angle asH
determined by the fundamental reference signal period T, and sample period,
Ts, and the number of two complementary switching pair per phase are
referred as nmp, where as in the 2-level hexagon one complementary switching
pair per phase is used [183].

Again if the ratio of the sampling period to the fundamental period is 1/5,
according to (4.14) asy= (360°/4)/5=18°, resulting in a 2-D representation that
contains two interleaved 3-level hexagons. This shows that the overlapping
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angle for the 3-level hexagon is twice the 2-level hexagon case. Due to the
phase shift between hexagons, the angular positions of both reference voltage
vectors in each hexagon are also different and are evaluated using (4.15).

( START )
v

Initialization of
Control Variables
(Ma, Om, f, fs)

v

_Overlapping angle

OlsH Determination

v

Sector Identification
of each Reference A

Voltage Vectors

Voltage Vector Duty
Ratio Computation

v

Optimized Switching
Voltage Vector
Selection

2

Gate Pulse
Generation

v
( END )

Figure 4.11: Flowchart for 2-level hexagon implementation.

4.3.2.1 Sector identification

Compared to the case when using two-level hexagon in subsection 4.3.1, this
is more complicated. Firstly, it still requires determining exact locations of the
reference voltage vectors, hence the switch states to be applied to switches
in each tier. However, this involves identifying the sector number and also
locating its vertex in one of the four triangles within the sectors at every time
instant. Identification of sector where each reference voltage vector lies can
be determined using (4.16). Figure 4.13 shows the phase shift between
reference voltage vectors between (Vrer and Viers,) and anti-phase reference
voltage vector (Vier’ and Vierr)) to be 2asn between each 3-level hexagons.



- 110 -

B
Sector 2 l:

¢, im :
TN/ Tas Ty “[200]

[100] Vsq Ma=1
Sector5 [111] [211]

C (a) [222] (b)

» 0l

[102] [202]

C-axis B 1axis

o -axis,A-axis

Baxis (C)

Figure 4.12: 3-level hexagon for OH-SVM (a) all sectors and reference
voltages (b) region detection in sector 1 (c) phase shift between two
hexagons.

4.3.2.2 Region selection

To find which triangular region in the chosen sector has the reference voltage
vectors, consideringV ¢, this is resolved into sector edge components (Vsq,
Vsg) which are shown in Figure 4.12(b) and expressed in (4.17) and (4.18)
below.

- :
v, = —2 [cos@m—sm 9’"] (4.17)
2V e V3
V. sin 6
Vi === 4.18
Sp VDC \/g ( )

The values estimated above are then used to identify the relevant triangle
according to rules given in Table 4.3. For ma> 0.5 the regions are seen to be
selected between 1, 2 and 3 see Figure 4.14.
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Figure 4.13: Sector identification of reference voltage vectors in a 3-level

hexagon.

Table 4.3: Region selection Criteria (M , =V, /V )

Region1 Region 2 Region3 Region 4
Vsa< 0.5Ma Vsa< 0.5Ma
Vsa> 0.5Ma Vsg< 0.5Ma Vsg> 0.5Ma Vsp< 0.5Ma
| Vsa + Vsg|> | Vsa + Vsp|<
0.5Ma 0.5Ma

Once the correct triangle region is identified, the switch states suitable for
synthesizing Vet can be determined as the three vectors located closest to
the vertices of the chosen region. However for an MMCC with 5L-FC sub-
modules, each location corresponds to four switch states; two of these are
independent but the other two give the same voltage level with different switch
states, due to the inner floating capacitors in the module. For example, the
switching vectors for sector 1, region 1 are 200, 210, 100 and 211 shown in
Figure 4.12(b). The latter two create redundancy and only one is chosen to
re-balance the floating capacitor voltage. The corresponding three duty
cycles, Ta, Tp and T. are calculated using formulae in Table 4.4 for every
sample instant of duration Ts and must satisfy the condition:

r.=T,+T,+T,.. (4.19)
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4.3.2.3 Optimal switching state/voltage vector selection

The sequence of implementing the switch states requires careful
consideration, particularly for a 5L-FC module. The requirements are to make
sure a good output waveform, keep up natural balancing of the floating
capacitor voltages and have the least number of switches changing states per
sample.

Time (s)
Figure 4.14: Region selection for mz>0.5.

Table 4.4: Duty Cycle calculation formulae

Region 1 Region 2

v
7;:27;£1— il sir{£+9ij T, =T{1— Vo sm@j
Ve \3
_ 2Vref . T _
A | ]

Region 3 Region 4
2V
ref ref v/
a = s Sln 9”1 _1 a = s Sln(__emj
[\/gVDC J ‘ {\/gVDC \J
T, =2T,[1-—< s1n[+ 0, n =T "/ _sin O
b { \/7 e b s \/7 N m

Table 4.5 shows the switching state vector sequence table for implementing
the 3-level hexagon SVM where L=Vrf and R=Vrf denote the vectors used
for the LHS and RHS limbs of the full bridge FC converter in a tier over one
switching period Ts. Here V.ris located in sector 1, region 1 and Vi
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located in sector 4, region 1 of the 3-level hexagon. By convention in SVM, Ts
and calculated switching vector times, T,, Tp, and T; are split in half and
arranged as shown in Table 4.5. It can be observed that all floating capacitors
of LHS and RHS FC modules are being charged and discharged and vice
versa, for an equal number of times within a Ts cycle. With this approach
implemented for all the 24 triangle regions of the 3-level hexagons, optimal
natural voltage balancing of the 5L-FC modules can be achieved.

Figure 4.15 shows the flowchart for implementing the 3-level hexagon
technique which is similar to that when using the 2-level hexagons as shown
in Figure 4.11 except it has an additional part for the region selection.

Table 4.5: Vector combination chart showing optimized selection of switch
states for LHS and RHS switches when Vi in region 1 sector 1 and
Vref in region 1and sector 4

where Green=charging state and Red= discharging state

e | 4| W2 | T2 AT T2 T2 | T4
L R L R L R L R L R L R | L R L R
1 01 0
1 01 0
Region (gl 0 110 1
1 0 0 110 1
do 0 0 1
0 0 0 1

4.4 Simulation Studies: Comparison of the Different Space
vector Modulation Schemes

To validate the overlapping hexagon SVM for both 2-level and 3-level hexagon
methods, the conventional method is compared with the novel schemes in
terms of waveform quality, switching losses, natural balancing ability of the
inner flying capacitor and computational complexity. In addition, the 2-level
hexagon SVM is applied to control four cascaded H-bridges and results are
compared with two cascaded FC-MMCC. The 5L-FC and 3L-HB MMCC
parameters are shown in Table 4.6.

Figure 4.16 (a)-(g) to Figure 4.17 (a)-(g) show the voltage and current
waveforms using 2, 3 OH-SVM schemes and Figure 4.17 (a)-(g) using
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classical multilevel SVM. As can be seen, all the schemes lead to the
converter generating 9-level (peak to peak) output phase voltages with good
harmonic performance. However, the voltage and current waveforms from the
2-level and 3-level OH-SVM show better performance than those from the
classical 5-level hexagon, as shown by its phase and line-line voltage
waveforms. This is also clear from its phase and line-line voltage THD values
which are all lower than the ones from both 3-level and 5-level method as
listed in Table 4.7.
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Figure 4.15: Flowchart for 3-level hexagon implementation.

For the phase limb output voltage, the harmonics appear as sidebands around
8, 4 and 2 times the actual switching frequency for 2, 3 OH-SVM and classical
multilevel SVM. The harmonic frequency fy for the three algorithms are;

Phase voltage using 2-level hexagon: f, =hx f, = (j8mf ik)fo
Phase voltage using 3-level hexagon: f, =hxf, :(j4mf ik)fo

Phase voltage using 5-level hexagon: f, =hx f, =(j2mf J_rk)j;
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where harmonic position, j=1, 2, 3... and sideband index, k=1, 3, 5 ...odd
number

For line voltage sideband index, k=1, 5, 7 ...odd numbers excluding odd
multiples of 3.

Table 4.6: 5L-FC and 3L-HB MMCC parameters

Modulation index ma 0.85
Switching frequency fs 1500
Sub-module dc voltage 5L-FC 100V
Sub-module dc voltage 3L-HB 50V
Sub-module inner capacitor dc voltage | 50V
Capacitance of inner capacitor 560uF
Resistive load R 20Q
Inductive load L 20mH

The followings are observed from THDs of the three methods,

e 3 order harmonics appear as baseband around the fundamental
harmonic in the phase voltage spectrum but are eliminated in the line
voltage spectrum.

e Sideband harmonics first appear around the 4™ and 8" multiple of the
sampling frequency for both the three-level and two-level hexagons
respectively. This is because the two 3-level and four 2-level hexagons
are overlapped (i.e. phase shifted) having two anti-phase voltage
reference vectors thus making the equivalent sampling frequency of
the FC-MMCC to be four and eight times the sampling frequency (i.e.
for three-level hexagon: fsw=4xfs and for two-level hexagon: fsw=8xfs).

The total harmonic distortion for the phase and line output voltage waveforms
are 28.22%, 12.7% for three-level hexagon and 22.89%, 8.47% for the two-
level hexagon. The difference in spectra quality for both methods lies in the
fact that the three-level hexagon more harmonics which appear as sideband
around the 4" multiple of the sampling frequency, whilst for the two-level
hexagon these harmonics are fewer and only appear as sidebands found
around 8m.

With the equivalent switching frequency of the 2-level hexagon OH-SVM being
2 and 4 times higher than the 3-level hexagon OH-SVM and classical
multilevel SVM respectively, the switching losses incurred by the former is
greater. Also, this equivalent switching frequency effect ensures operating at
lower switching frequencies and still achieving the good waveform quality.
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With an adequate selection of the sequences of voltage vectors, both the 3-
level hexagon OH-SVM and classical multilevel SVM ensure natural voltage
balancing of inner floating capacitors. But the capacitor voltage fluctuations
when using the 2-level hexagon are seen to be lowest, followed by the 3-level
hexagon and 5-level hexagon with values being +1.2%, +3% and +20%
respectively. This is attributed to the overlapping nature of both 2 and 3-level
OH-SVM.

The nature of the conventional multilevel SVM, proper selection of the switch
state vectors in balancing inner capacitor voltage of the 5L-FC results in switch
state transition exceeding one voltage level. The solution is to use either the
2-level or 3-level OH-SVM. The results of Figure 4.16(a) and 4.17(a) confirm
this.
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Figure 4.16: 2-level OH-SVM for MMCC with 5L-FCC; (a) Phase voltage, (b)
Line voltage, (c) Phase voltage THD, (d) Line voltage THD(e) Load current(f)
Inner flying capacitor voltage.
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Figure 4.17: 3-level OH-SVM for MMCC with 5L-FCC; (a) Phase voltage, (b)
Line voltage, (c) Phase voltage THD, (d) Line voltage THD (e) Load current
(f) Inner flying capacitor voltage.

Based on the SIMULINK models, the computational load for each SVM
algorithm is compared and listed in Table 4.8. According to the sum of
arithmetic operations, such as addition, subtraction, division, multiplication
and trigonometric functions, the classical multilevel SVM requires the highest

computational burden amongst three, the 2-level OH-SVM is the most
computationally efficient method.

Table 4.7: Comparison of OH-SVM Schemes

Phase shifted-SVM 2-level 3-level | Conventional
schemes hexagon | hexagon SVM
Phase voltage THD (%) 22.82 27.83 37.04
Line voltage THD (%) 8.39 11.76 16.39
Phase Current THD (%) 2.35 2.50 3.79
FC voltage Variation (%) 1.2 +3 +20




- 118 -

0 0005 001 0015 002 0025 003 0.0% 0.4
Time (s) Time (s)

(a) (b)

Fundamental (30Hz) = 319.9 , THD= 16.39%

100 - Fundarrlental (B0Hz) :. 184.7 , THD= E{?.I]d% 100 m

80 80

60 60 [

40 40 |

May (% of Fundamental)
Mag (% of Fundamental)

20 20

0 | .l..llu il e Lol ot o Lllan

Current (A)

Time (s)

(f)

WVoltage (V)

0 oM 0.02 0.03 0.04
Time (S)

Figure 4.18: Conventional SVM for MMCC with 5L-FCC; (a) Phase voltage,
(b) Line voltage, (c) Phase voltage THD, (d) Line voltage THD (e) Load
current and (f) Inner flying capacitor voltage.

Table 4.8: Computational Comparison of SVM schemes

Computational Task | 2-level 3-level Conventional
in each section hexagon hexagon SVM
Vref & Vref angle 8 4 2
Sector Selection 8 4 2

Region Selection - 96 384
Duty Ratio 144 288 576
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Total 160 392 964

Comparisons of MMCCs built using either 3L-HB or 5L-FC while controlled by
the same 2-level OH-SVM scheme are carried out. Figure 4.19 (a)-(e) shows
results from the 3L-HB modules and compared with that in Figure 4.16 for 5L-
FC sub-modules, they show similar performance in terms of waveform quality.
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Figure 4.19: 2-level OH-SVM for MMCC with 3L-HB; (a) Phase voltage, (b)
Line voltage, (c) Phase voltage THD (d) Line voltage THD and (e) current
waveform.

4.5 Experimental Validation of 2-level Overlapping Hexagon
Space Vector Modulation

An experimental MMCC with 3L H-bridge modules is used in verifying the 2
level hexagon OM-SVM scheme. This consists of eZdspF28335 board from
Spectrum Digital which synthesizes the PWM signals and fed through gate
drivers to drive two cascaded 3-L H-bridges. The two cascaded 3-L H-bridge
making up this topology uses the IRF740IGBT switches, each rated at 400V,
10A and IGBT bypass diodes rated 45V, 10A. Experimental setup of the
MMCC is illustrated in Figure 4.20. The converter was supplied from isolated
dc sources obtained from laboratory power supplies.
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Figure 4.20: MMCC experimental setup.
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4.5.1 PWM Generation

The eZdspF28335 board Spectrum digital is a DSP controller chosen to
generate the PWM signals to control the cascaded H-bridges. The
eZdspF28335 board features include [184]; 32-bit floating point unit, 68 kB
RAM, 512 kB Flash Memory, 150 MHz operating frequency, 12-bit ADC
having 16 input channels, Embedded USB JTAG and 18-channel enhanced
PWM output (ePWM). This board was chosen because of its fast processing
speed and Rapid Control Prototyping (RCP) capability [184]. The latter
enables the developer to write control algorithm in function blocks which are
graphically structured using Matlab SIMULINK, hence avoiding the slow and
tedious process of coding the algorithms in computer languages. The
integrated development environment (IDE), i.e. the Code Composer Studio,
then, converts the graphically coded algorithm into machine code which can
be executed by the DSP controller. This speeds up the development process

significantly [185]. A snap shot of eZdspF28335 board is shown in Figure 4.21.

' 0 a
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Figure 4.21: Spectrum Digital eZdspF28335 board [184].

With RCP the Matlab SIMULINK PWM algorithm in graphical form can be
dedicated to the specific DSP device, i.e. TMS320F28335.

This is by using support packages, the Embedded Coder package, which is
added to SIMULINK to utilise the Texas Instrument C2000 toolbox which has
the building blocks for simulating the TMS320F28335 on eZdspF28335 board.
Once the PWM controller is designed in SIMULINK, it can be compiled using
the Embedded Coder Package, and the output file is loaded on the DSP
through the CCS and PWM signal can be generated.eZdspF28335 board can
be used for implementing many functions but in this case, it is utilized only for
generating the pulse width modulated signals. Further information of the
eZdspF28335 is found in [184].
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4.5.2 Experimental Results

The proposed OH-SVM scheme was implemented using the eZdspF28335
board, with a sampling frequency of 400 Hz and modulation index 0.8. The
experimental set-up is similar to Figure 4.8 with the exception of two 3L H-
bridge sub-modules cascaded per phase. Each module is connected to 20V
dc power source. Connected across the three phase of cascaded H-bridge is
a balanced R-L load of 7.5Q and 10mH. Figure 4.22(a)-(c) show, respectively,
the plots of the output phase, and line-to-line voltage waveforms and phase
currents.

Voltage (V)

Voltage (V)
=

40

0 001 002 003 004 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

Figure 4.22: Experimental results (a) Two cascaded H-bridge output Phase
voltage, (b) Line voltage and (c) phase current waveform.
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4.6 Summary

This chapter presented a new space vector modulation technique for the
control of MMCCs, called overlapping hexagon space vector modulation. The
operating principles and implementation procedures of this scheme were
described in detail for overlapping multiples of either two-level or three-level
hexagons. Comparison of this new scheme with the classical multilevel SVM
method has shown its benefits. These include improved voltage and current
waveform quality, the ability to maintain inner flying capacitor voltage
balancing, particularly for the FC-MMCC, and reduced computation
complexity. Considering the application of this OH-SVM with 2-level hexagons
to two MMCCs having the same voltage levels, but with one using 5L-FC as
the basic module and the other using the 3L H-bridge, the resultant voltage
and current waveforms show similar features. Their THD values are
comparable. The experimental results of the two cascaded 3L H-bridge sub-
modules using the proposed 2L OH-SVM technique validate the simulated
results for MMCCs.
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Chapter 5
FC-MMC Based STATCOM for Power Factor Correction

This chapter explores the FC-MMCC as a STATCOM for power factor
correction in power distribution systems. The power flow analysis showing the
relationships between voltage sources, namely the sending side voltage, PCC
side voltage, a voltage source converter acting as STATCOM, an R-L load
and a distribution line impedance, and the condition of achieving zero phase
shift between voltage and current at the PCC have been discussed in chapter
one. In this chapter, the dc capacitor voltage rating, the sub-module capacitor
voltage ripple and the converter filter requirements are also analysed. Also,
the use of an FC-MMCC as a STATCOM in single star configuration for a
balanced three phase power system is investigated via simulation. Thereafter,
power factor correction is experimentally validated using an FC-MMCC based
STATCOM. This experimental system is described and the simulation and
experimental results are compared.

5.1 Converter Voltage and DC Capacitor Voltage
Requirements

The difference between the FC-MMCC output voltage and PCC voltage
determines the amount of current flowing between them. For a STATCOM, it
power rating is determined by the maximum power it is meant to compensate,
this is usually set about 20%-30% of the maximum load power [186, 187].
Since the minimum voltage is restricted by the PCC phase voltage, the current
rating of the converter can be determined. The phasor relationship between
the STATCOM terminal voltage and PCC voltage and current is shown in
Figure 5.1 and 5.2 respectively. The STATCOM converter current relates its
terminal voltage and PCC voltage by:

—_—

;= Yrcc Ve (5.1)
¢ Re+jXc

Figure 5.1: Single phase circuit representation.
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Figure 5.2: Diagram showing phasor relationship between converter, PCC
voltages and currents.

Also, the converter dc voltage is related to converter output voltage v¢ by the
modulation ratio m, as:

m, = Vepear _ NVesy _ Vesu (5.2)
Vdc N VchM VchM

where, Vcpeak = peak value of converter output voltage,

Vcsm = peak voltage value per sub-module,
Viaesm = dc voltage per sub-module
N= total number of sub-modules per phase cluster

The relationship between the various parameters in Figure 5.1 is explained
below.

For unity power factor correction operation, ignoring converter real current
drawn, the maximum compensating current supplied by the FC-MMCC is
determined by the load reactive current i sin6. This means that no reactive
current is supplied from PCC source side hence:

iSimag = iLimag+ iCimag = 0 - (5 . 3)
From the figure above, the load power factor determines directly the current
injected by the FC-MMCC STATCOM.
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The phase angle of the converter current with respect to the PCC voltage is
determined according to the amount reactive power is supplied or absorbed,
and active power it absorbs. If it supplies more reactive power than the active
power absorbed its current angle is in the range of 459< 6;< 909 or if more
active power is absorbed than the reactive power injected it is 09<6;<459. Also,
the converter filter impedance has a significant influence on the converter
output voltage since the product of z: and Zdetermines the voltage

difference between v. andv,..

For voltage regulation, the power rating of the FC-MMCC is determined by the
amount of reactive current required to compensate the voltage drop across
the distribution line impedance.

The maximum energy in the dc capacitors of the FC-MMCC also determines
the maximum reactive power it can compensate. Since it uses low voltage
capacitor per sub-module the total energy stored in the three phase limbs of
an FC-MMCC is determined by the sub-module capacitance Csy and phase
cluster dc voltage Vg and is expressed as:

3
-~ ECSMV“Z : (5.4)
Expressing the total energy in the FC-MMCC in terms of the specific energy.
(i.e. the amount of stored kJ of energy per MVA of the MMCC ratings) is

given as:

EMMCC

3 2
E,=——7-7C,V, . . 5.5
s 2NS, e sm” de (5.5)

The cell capacitance is therefore expressed as:

— 2E'SSMMCC

3NV aesu
[188] evaluated that to restrict the capacitor voltage ripple to the maximum
10% of its nominal level, an energy value of 30-40kJ/MVA is required. So, for
an MMCC of 1059MVA, +320kV with 400 sub-modules per arm, according to
[189], the estimated cell capacitance to achieve the specified energy is 10mF
at a nominal cell voltage of 1.6kV with IGBT rated at 4.5 kV, 1200A.

(5.6)

SM

To determine the magnitude, the phase angle of FC-MMCC voltage and
hence the dc cluster voltage, the phasor diagram of STATCOM current and
consequent voltage drop across its terminal filter for the case of unity power
factor as shown in Figure 5.3 is used.
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The magnitude of the converter output voltage is expressed based on triangle
(1) as:

VvC2 = (VPCC + AVereal )2 + (A VZimag )2 " (57)
(-6,40,)

7

Zrea

Vpee
27

A
—

(1)

Figure 5.3: Diagram showing phasor relationship between converter and
PCC voltages.

From triangle (2):

AV, . =V,cos 0, (5.8)
AV yinag =V, 810 0, (5.9)

where the voltage drop across converter filter impedance is given as:
V,20,, =[icZ:|4-6,+06,) (5.10)

where Bvz = angle of Vz with respect to Vece

6; = angle of ic with respect to Vpcc

6zc = phase angle of filter impedance

Substituting AVzrear and AVzimag into (5.7), gives:

ch = (VPCC +V,cos0,, )2 + (VZ sin6,, )2

=Voee” +2VpeV, c0s0,, +V,°

Ve = \/VPCC2 + WpecicZe cos(= 6, + 0, ) + |iCZC|2

The angle of the converter voltage with respect to Vpcc is:

o = tan | __icZesin=0,+6,c) | (5.11)
Vice YicZc cos(— 0, + ch)

A percentage factor kr can be used in relating the filter impedance Zc to the
load impedance Z;, which is given as:

Zc| =k,|Z,|. (5.12)
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Substituting Z: by kiZ., the converter voltage magnitude and angle is written
as:

Ve = \Vace  + 2k, ic Z,V e cos (=0, + 0,0 )+ (k,i.Z, ) (5.13)

k.7, sin(—0. +0
a:tanl( ick, 2, sin(-0, +0sc) J (5.14)

l+ick,Z, cos(— 0, +6,,.)

And since converter voltage magnitude V. cannot exceed V., the required
cluster dc voltage should be expressed as:

Ve min = \/VPCC 4 2k jic ZV pee cOS (_ 0, + 0, )+ (k_/icZL)z (515)

From the above two equations, the Vq value and converter voltage phase
angle depend on the Vpcc, percentage factor krand the compensating current
and filter impedance.

5.1.1 Variation of Converter Cell DC-bus voltage

To investigate this; a simple R-L filter is connected between the converter and
PCC. The converter filter angle 6zc is expressed in terms of its cut-off
frequency as:

0, = tanl(foj = tanl[zﬂfoLcj = tanl[XcJ =tan (k). (5.16)
R R

cut C C

The converter filter cut-off frequency will be used instead of its impedance to
the dc-bus voltage analysis.

Equations (5.12) - (5.14) are evaluated using a MATLAB program (see
Appendix C.1) in determining the converter dc-bus voltage.

For this analysis, the STATCOM is set to compensate the whole reactive
current drawn by the load. Also, the converter current angle is varied between
60°<6<90° because the active current drawn by the STATCOM cannot
exceed the reactive current compensated.

Figure 5.4 and Figure 5.5 show the required cluster dc voltage under two
different kr values for converter current phase angle in the range of 609<6;<909
at different converter filter cut-off frequencies between 7100Hz<f.,<1000Hz.
The converter current angle is varied between 60°<6,<90° because for a
practical STATCOM, the active current drawn by the STATCOM should not
exceed the reactive current compensated. This current phase angle variation
range shows the ratio of reactive current required from the STATCOM to the
active current absorbed by the converter from the grid in compensating for its
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power losses. Also for this analysis, the STATCOM is set to compensate the
whole reactive current drawn by the load.

1.16

dc Voltage (pu)

fcut=100Hz
fcut=200Hz

fcut=500Hz
fcut=1000Hz

Converter Current Angle (degrees)

Figure 5.4: Changes in converter current phase angle against minimum
required converter dc-bus voltage when k~=0.3 for fc.t between 100Hz to 1

kHz.

1.06
1.05
1.04

1.03

dc Voltage (pu)

1
60

fcut=100Hz
fcut=200Hz
fcut=500Hz
fcut=1000Hz

Converter Current Angle (degrees)

Figure 5.5: Changes in converter current phase angle against minimum
required converter dc-bus voltage when k~=0.1 for fcut between 100Hz to 1

kHz.

Figure 5.4 shows the case when the converter filter kr is 30% of the load
impedance. The minimum converter dc-bus voltage is seen to be between
1.15pu to 1.12pu when current phase angle is between 609<6,<70° for
feu=100Hz which is higher than the PCC voltage by 0.15pu to 0.12pu. At
6=60°, the STATCOM compensation reactive current is 0.366pu greater than
the real current required to compensate converter losses. Between 809<
6i<90°, the required icrear is lower compared to the compensated reactive
current, this then makes the required converter cell dc-bus voltage to be
between 1.095pu to 1.075pu.
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Figure 5.5 illustrates a similar condition as that in Figure 5.4 but for ks =10%
of load impedance. It is seen that for a lower kf, the minimum converter dc-
bus voltage is seen to be between 1.048pu to 1.025pu, which is higher than
PCC voltage by only 0.048pu to 0.025pu for 609<6<90° at fcu=100Hz.
Because of the high voltage levels synthesized by FC-MMCC, lower filter
impedance can be applicable and still can achieve full reactive power
compensation.

The analysis has shown that the choice of the MMCC filter influences the
converter dc bus voltage rating under reactive power compensation. The
results of this analysis can be summarizes as follows;

e The required minimum dc converter voltage increases as the real
current required for converter power loss compensation increases.

e The required minimum dc converter voltage increases as the converter
filter impedance size increases while the reverse is the case when the
converter filter cut-off frequency increases.

5.2 Determination of Sub-module capacitor voltage ripple of
FC-MMCC STATCOM

The voltage ripple in each sub-module capacitor show the energy exchange
between the MMCC and the grid. This comprises of mainly second order
harmonic component and higher order ones due to switching, they shorten
capacitor life span [190]. If its magnitude is higher than 10% of the nominal
DC-voltage, it has an adverse effect on the MMCC control system and current
fed into the grid [191-194]. In this section, an expression of the sub-module
capacitor voltages as a function of converter voltage and current is derived
and, hence the converter current angle, filter size and cut-off frequencies on
capacitor voltage ripple are analysed.

Taking the PCC voltage as reference, the relationship of the converter ac side
voltage with the PCC voltage can be written as:

ul , di,.
ZVC—i —Vpee —Rele _LCE =0 (5.17)
i1

where vc; is the ac voltage generated by the i sub-module, Lc and Rc
represent converter filter parameters, vpcc and ic are the PCC voltage and
converter current.

On the dc side, the sub-module voltage Vsm.i is related to the current /sm.i
flowing into the capacitor as:
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dv .
7 = GV m—i 5.18
sm —i C SM dt ( )
where Csm represent the capacitance of sub-module capacitors. Assuming the
losses due to switching action is neglected, the powers on both the ac side
and the dc side are equal and can be expressed as:

Vil omi = Ve_ilc

; ‘:vc_,-ic . (5.19)
sm—i V

sm—i

Substituting (5.18) into (5.19) gives:

vC—iiC stm—i
=C . 5.20
e - ¢, (5:20)

sm—1

An expression of sub-module energy is derived by solving the differential
equation (5.20) as:

C V2 (1)

sm sm—i

2 = E5n1i(ta)+;|‘vcil'cdt (5'21)

where £, _.(t)) is the energy stored in the it" sub-module capacitor at? =%, .
Replacing V., =V, sin@+a, ;) andi.=I.sin@+0,) in (5.21), which

means all other harmonics in the PCC voltage and converter current are
neglected. Therefore, (5.21) is simplified to:

c v (t) _

sm sm—i

. E, (t,)+ Ve I [sin(ot+a, )sin(ot +0,)dt - (5.22)

Simplifying (5.22),

Colms®) _

SW! sm—i

1
5 E, .(t)+ ch’ ¢ “cos(aV . —0.)—cosQat +a,_, +0, )]dt

t()

oy VeI, J’-{cos(aV_i —0,)—cos2amt cos(at,_, +0, )}dt

; +sin 2wt sin(ot,,_; +6,)

_Esm,(t)+V21 {Cos(a,,, 9)(t_t)__{sm(2a)t+ayl+9) ﬂ

20| —-sinQot, +a,_; +6,)
(5.23)

The time varying equation for sub-module capacitor voltage is expressed as:
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V.. .I sinRot +a,_. + 6.
Vsm—i = stn—i (tO) + e e COS(aV—i - 01’ )(t - tO) - 1 ( o l)
C 20| -sinCwt, +a,_, +06,)

sm

voltage ripple

(5.24)

where w is the angular frequency of the grid voltage, V.;and a... are the
converter voltage maximum value and phase angle. Ic and 6; are the converter
current maximum value and phase angle.

Vsm-i(to) is the nominal voltage of i sub-module capacitor.

The converter voltage and current phase angles are expressed as:

a,  =tan”" % ZCZ.C sin(—0, +0,.) (5.25)
pec TicZc COS(_ 0, + 0, )

0, = tan{%j . (5.26)
lCreal

From equation (5.25), the converter voltage phase angle is influenced by the

converter filter impedance parameters.

5.2.1 Variation of Sub-module capacitor voltage ripple

In this section, the influence of converter filter impedance hence its cut-off
frequency, compensation current phase angle and sub-module capacitance
to the capacitor voltage ripple is analysed. A MATLAB program (see Appendix
C.2) using Equations (5.24)-(5.26) is used in determining the peak capacitor
voltage ripple. Figures 5.6 to 5.8 show the capacitor voltage ripple magnitude
under converter current phase angle operating range 60°<6;<90° at different
converter filter ratios kc, kr and sub-module capacitance Csm.

1" 49—
I I I I I
I I I I I
| | | |
1.22 >~ - ——_ Lo L Lo L fcut=100Hz |__
| | | | fcut=200Hz
3 : : : fcut=500Hz
L s Ny S | r fcut=1000Hz
| T
ﬁ I I
I
§ 18- TS T -
g 116--—-------L- -l TS S T~ -
I I I I
I I I I
| | | |
114 ——---—--—----—- Fo— - Fo—— - Fo— - Fo— - o=
I I I I I
I I I I I
I I I I I
L L L L L
60 65 70 75 80 85 90

Converter Current Angle (degrees)

Figure 5.6: Changes in converter current phase angle against capacitor
voltage when k~=0.3 for f..: between 100Hz to 1 kHz and a fixed capacitance
of Csm =0.56mF.
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Figure 5.7: Changes in converter current phase angle against capacitor
voltage ripple when k~=0.1 for foit between 100Hz to 1 kHz and a fixed
capacitance value Csm =0.56mF.

1.4

1.35

1.3

-
N
(4]

-
a
a

Capacitor Voltage (pu)
N

Converter Current Angle (degrees)

Figure 5.8: Changes in converter current phase angle against capacitor
voltage when k~=0.1 for f..=1 kHz and varying capacitance value.

Figure 5.6 shows the case when the converter filter kr is 30% of the load
impedance. The converter sub-module capacitor voltage decreases from
1.22pu to 1.135pu for feu=200Hz corresponding to 60°<6,<90°. This increase
in the capacitor voltage is due to the effect of its voltage ripple. As seen in
Figure 5.5 for fcut values of 100Hz, 200Hz, 500Hz and 1000Hz at converter
current phase angle 6; =909, the voltage ripples are 0.14pu, 0.137pu, 0.134pu
and 0.132pu.

Figure 5.7 illustrates a similar condition as Figure 5.5 but for kr=10% of load
impedance. It is seen that for a low kr, the converter voltage ripple is seen to
be 0.208pu and 0.138pu, corresponding to 6; =60 and 909 respectively at
feu=100Hz. As seen in Figure 5.8, as the sub-module capacitance increases
the voltage ripple decreases.

The analysis above has shown that the choice of the MMCC filter, sub-module
capacitance, and converter current phase angle has an influence on the



134

converter sub-module capacitor voltage ripple. These analysis results are
summarized in the following;

e The sub-module capacitor voltage ripple decreases as the converter
power losses are negligible.

e The sub-module capacitor voltage ripple increases as the converter
filter immpedance size increases.

e The sub-module capacitor voltage ripple decreases as its capacitance
value increases.

e The sub-module capacitor voltage ripple decreases as the ratio of
reactive power injected to the grid and active power absorbed by the
converter increases.

5.3 FC-MMCC STATCOM Simulation Studies

In this section, the simulation study of using the FC-MMCC as a STATCOM
in single star configuration for unity power factor correction of a small power
system is presented.

5.3.1 Power System Configuration

Figure 5.9 shows a power system rated at 100V, 3.0kVA and 50Hz supplying
an inductive load and using an FC-MMCC STATCOM for reactive power
compensation. Each of the converter phase legs has two cascaded 5-L FCC
modules, hence synthesizing a total of 9 voltage levels per phase. The FC-
MMCC STATCOM is connected to the PCC via an R-L filter and an inductive
load with a power factor of 0.83 is connected to the same PCC.

The converter filter parameters, converter dc-bus voltages and sub-module
capacitance values are selected based on the analysis given in the earlier
sections. The filter cut-off frequency fcut of 176.8Hz and kr factor of 0.11 are
selected giving filter parameters of 2.5Q and 2.25mH and converter minimum
dc voltage is set to be 20% higher than Vpcc. Thus the converter voltage of
120V is equally shared between the two FCC-sub-modules of each phase
cluster. The parameters of the power network are listed in Table 5.1.
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Table 5.1: FC-MMCC power system parameters

Rating

Value

PCC Side

3.0 kVA (110V, 10A)

Distribution Line

Aluminium PI TX line
(d=10mm, s= 1m, I=1.1 km)

L=2mH, R=0.4 Q, X=0.6283 Q,
Short circuit current = 137 A

Load Side

1.5 kVA (100V, 5 A)
Load: 22 Q, 47TmH
Power factor = 0.83 lagging

Converter Side

1.8 kVA (120V, 5A)

Filter: 2.5 Q, 2.25 mH

DC Capacitor rating (per sub-module):
400 V, 1.12 mF (utilized at 60 V)

Module Flying Capacitor: 400V,
0.56mF (utilized at 30 V)

Switching frequency

750 Hz
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Figure 5.9: Simulated Power System Configuration.
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5.3.2 FC-MMCC STATCOM Control Scheme

To achieve unity power factor correction regulation through quadrature power
compensation, STATCOM controller must meet the following criteria;

1. It must remain in synchronisation with the PCC voltage under all
operating conditions (steady or transient states) and on the event of a
fault, it should quickly re-gain synchronisation upon fault clearance.

2. It should be able to regulate both the ac-side and converter dc-side
voltages to the required levels, hence to dictate the flow of quadrature
power and compensate the converter losses.

To achieve the above criteria, the STATCOM controller was developed to
comprise the following parts;

1. A synchronous reference frame phase locked loop (SRF-PLL) for
synchronizing the converter output voltage with the PCC voltage.

2. Measurement system for the acquisition of the voltages and currents
as well as converting such values to their equivalent synchronous
reference d-q frame as required.

The STATCOM controller is divided into three parts

1. DC bus voltage balancing control
2. Reactive current extraction, and
3. Current control.

The vector current control method has been applied for this research since it
provides independent control of real and reactive power through the use of
rotating synchronous reference frame decoupling technique.
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Figure 5.10: Block diagram of STATCOM controller.
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Figure 5.10 shows the block diagram of FC-MMCC STATCOM controller
which comprises three parts as mentioned above. All the measured voltage
and current signals from PCC bus, converter bus, and sub-module dc-
voltages are filtered using low pass filter filters. The filtered ac signals are
transformed to their d-g components using grid voltage as the reference frame
with its phase angle derived from the phase locked loop discussed in chapter
one. A sampling frequency of 12 kHz is applied for grid voltage
synchronization. The dc-bus voltage controller maintains the sub-module dc
voltages of the FC-MMCC to their nominal values. The output of this controller
generates the required g-axis current component for STATCOM (converter
losses) and is used as the reference current value to the current controller.
The d-axis reference current value for STATCOM is evaluated by measuring
reactive current absorbed by the inductive load bus by supplying an equivalent
capacitive current for power factor compensation. Using the evaluated d-q
currents as references and measured STATCOM ac currents as feedback, a
current controller is applied to determine the STATCOM ac terminal voltage
vector reference Vgq. These are converted to converter modulation index and
angle and are applied to the PWM controller to generate switching signals for
the FC-MMCC STATCOM.

5.3.3 Overall dc-bus voltage balancing control

The dc-bus voltage per sub-module should be ideally maintained at its
required level by its module capacitor, but due to load, switching pattern
changes and converter switches losses, the voltage may vary. A controller is
therefore used to maintain the dc voltage across each sub-module to its
required value. The controller uses the average value of the three phase limb
voltages as the feedback signal, namely:

6

Z Vdc_sm(i)

Vdc(avg) = I:IT (527)

where /= number of sub-modules, Vi sm = dc voltage across each individual
sub-modules. This is compared with the reference dc bus voltage, Vqc rerand
the error signal is applied to a P+/ controller to generate the g-component of
the current control vector. Since PS-PWM scheme enables natural balancing
of inner floating capacitors, this thereby eliminates the need for feedback
control of their voltages. The block diagram of the dc bus controller is shown
in Figure 5.11.
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Figure 5.11: Overall dc-voltage controller.
5.3.4 Current Controller

The current controller evaluates the converter reference voltage vector which
can generate the compensating current for obtaining unity power factor power
flow. The controller is designed based on the well-known relationship between
FC-MMCC and PCC voltage vectors as:

di
_ . C(abe)
Veabey = Vpec(abey T RCZC(abc) + L i (5.28)

where Rc and Lc are the converter filter impedance parameters.

Transforming equation (5.28) from stationary abc frame to d-q rotating
reference frame (given in appendix C.4), the converter voltages in d-q
reference form are expressed as:

. di - )
Ver = Vape + Reigy +Lcd7;"+ oL i, (5.29)
. diCq .
Veg = Vypee T Rl + L i —Lcic,. (5.30)

It is obvious that under steady state condition, the differential terms in above
two equations are zero and the voltage d-q terms are therefore constants.
Applying deadbeat predictive control scheme, for a sufficiently small sampling
period Ts, the derivative term of (5.28) can be expressed as:

di. Ai, _ lceksty ~ Lrer(ksn) (5.31)

dt T, T,
At the end of a sampling period, the controller aims to equate the
compensating current ic+1) to the reference current i ref+1). Since irefk+1) is not
known in advance, its present current value ic refx) is used. Thus the
compensating current ic)and the reference current ic refx) are represented as
(ica(w), icq(k)) @nd (id refk), iq ref(x)).

The deadbeat control equation for calculating the required reference voltage
for the next sampling period is:
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Lc

L
v v (Re =2 ole Iy T i
{ Cd(k+1):| _ { dpcc(k)} + T { Cd(k)} | Ts { d"ﬂk)} (5.32)
Veg Vg pec(r) ~oL, (R, - L_C) Leg 0 Le ligrrw
TS TS

The output voltages calculated from the above control scheme are
transformed into abc voltages to control the converter operation via PS-PWM
scheme discussed in chapter three.

5.4 Simulation Results and Discussions

Investigating reactive power compensation for the power system network
shown in Figure 5.9, unity power factor correction at PCC when an inductive
load draws reactive power is studied.

5.4.1 Unity Power Factor Correction

MATLAB SIMULINK was used in this study to obtain unity power factor
correction for the power network shown in Figure 5.9 with parameters listed in
Table 5.1. The inductive load supplied which absorbs a reactive power of
900VAr. At the first stage during time interval Os< t < 0.4s the converter sub-
module capacitors are pre-charged to the required level. At t = 0.4s the load
is connected and the compensation of reactive power starts from 20% of its
rated level. This is increased at the step of 20% for every 0.8 s, thus, we have
intervals of 0.4s<t<1.2s, 1.2s<t<2s, 2s<t<2.8s, 2.8s< t < 3.6s and 3.6s<
t < 4.4s corresponding to 20%, 40%, 60%, 80% and 100% reactive power
compensation. The voltage proportional and integral controller gains for the
dc capacitor controller are setas K, , =0.5 K, , = 10 respectively.

1

5.4.1.1 Active and Reactive Current Responses

The responses of active and reactive currents at PCC, load, and STATCOM
buses are shown in Figure 5.12 (a)-(c).

As the reactive current level of STATCOM compensation increases from 0A
to 2.4A, the PCC reactive current decreases from 0.48pu (2.4A) to OA. The
load absorbed active and reactive currents are unchanged. The PCC active
current is observed to be slightly increasing as the compensated current
increases from 0.82pu (4.1A) to 0.85pu (4.25A). This increment is attributed
to the active current required to balance the STATCOM sub-module capacitor
and filter resistance.



141

(a) PCC Side Current
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Figure 5.12: d-q current control, (a) PCC, (b) Load and (c) STATCOM.
5.4.1.2 Active and Reactive power

Figure 5.13 (a)-(c) shows the PCC, Load, and converter active and reactive
powers. As expected these are similar to their current responses. At time
intervals 0< < 0.4 to 3.6< t< 4.4 corresponding to 0% to 100% reactive power
compensation, the PCC reactive power decreases from 900 VAr to 0 VAr and
active power increases from 1600 W to 1650 W. The decrease in PCC
reactive power results from converter reactive power injection whilst the PCC
active power increases results from maintaining converter sub-module
capacitor voltages and converter resistance filter power consumption
compensation.
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Figure 5.13: Active and reactive power across (a) PCC, (b) Load and (c)
converter sides.

5413 PCC Voltage and current Responses

The PCC current magnitudes and angles at different compensation levels are
shown in Figure 5.14 (a)-(b). While the PCC voltage and current waveforms
are shown in Figure 5.15.
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(a) PCC Current Magnitude
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Figure 5.14: (a) PCC Current magnitude and (b) PCC Current angle.

At t=0, the PCC current magnitude and phase angles are initially higher due
to charging converter sub-module capacitors. Once the compensation starts

PCC current values reduces gradually corresponding to each compensation
current  increment and  are,0.95./34° pu ,0.91.228° pu ,0.84 £7° pu @nd

0.8520° pu for 0%, 20%, 80% and 100% test intervals. This shows that the

reactive power draw from the PCC by the load gradually reduces to zero.

V& lato%
YV & 1 at 20%

V& | at80%
V & | at 100%

3.6 3.62 3.64 3.66
Time (s)

Figure 5.15: PCC voltage and current waveforms.
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54.1.4 STATCOM Waveforms

Figures 5.16 show the voltage and current waveforms measured at the
STATCOM terminal, while the STATCOM voltage and current magnitude and
angle are shown in Figures 5.17 and 5.18 respectively. In contrast to the PCC

current, the STATCOM current magnitude and phase angle with respect to
compensation levels, increase gradually, they are, 0.09.288.8° pu,

0.39287.3° pu @nd 0.485 ~86.8° pu corresponding to 20%, 80%, and 100%

compensation levels. Corresponding to this compensation pattern the
converter terminal voltages are adjusted by the controller to meet current

requirement. The modulation index and converter voltage angles are,
0.834/ -0.5° pu , 0.833 2 —1° pu , 0.832 2 -1.5° pu , 0.8312 -2° pu and
0.8322-2.5"pu . Figure 5.19 shows the converter three-phase voltage

waveforms having 9 distinct voltage levels.

5 S N VaVAYAVaVAVAVaVA
: A A A ATAYAA

Figure 5.16: STATCOM voltage and current waveforms.
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Figure 5.17: (a) Converter voltage magnitude and (b) angle at zero
compensation, 20%, 40%, 60%, 80% and 100%.
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Figure 5.18: (a) Converter Current magnitude and (b) angle at zero
compensation, 20%, 40%, 60%, 80% and 100%.
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Converter Voltage Waveforms
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Figure 5.19: (a) converter Voltage waveforms.

5.4.1.5 DC Converter Capacitor Voltage

Figure 5.20 (a)-(c) and Figure 5.21 (a)-(c) show the converter sub-module
capacitor and inner flying capacitor voltage waveforms. The dc sub-module
capacitor and inner flying capacitor voltages are controlled to maintain a
nominal value of 60V and 30V corresponding to 1pu respectively. At time
interval 0< t < 4.4s, the sub-module capacitor voltages and inner flying
capacitors are well balanced. But as compensation level increases (i.e.
current magnitude increases), the capacitor voltage ripple across both sub-
module and inner capacitors increases but is well within £10%.

(a) Converter Phase A Sub-modules 1& 2 Capacitor Voltages
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Figure 5.20: Converter Sub-module capacitor voltages across (a) phase A,
(b) phase B and (c) Phase C.



147

(a) Phase A Sub-modules 18& 2 Inner Capacitor Voltages
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Figure 5.21: Converter Sub-module inner flying capacitor voltages across (a)
phase A, (b) phase B and (c) Phase C.

5.5 Experimental System and Validation

The control strategy presented in the previous section for the FC-MMCC
functioning as a STATCOM is practically verified. An experimental FC-MMCC
designed, and implemented by previous researchers in the School of
Electronic and Electrical Engineering, University of Leeds was used for this
validation. The author developed the DSP software program code for
implementing the FC-MMCC as a STATCOM. A simplified block diagram of
the hardware system is shown in Figure 5.22. This consists of FC-MMCC,
Load, a digital control part, and measurement part.
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Figure 5.22: FC-MMCC STATCOM block diagram.

The FC-MMCC has six FCC sub-modules, two per phase limb. For total
modularity and scalability, these sub-modules are constructed by assembling
four half-bridge cells which basically has a flying-capacitor and a
complementary pair of semiconductor switches as shown in Figure 5.23. The
measurement unit consists of voltage and current transducers for measuring
FC-MMCC capacitor voltages for feedback control and Power system voltage
and currents for proper control of STATCOM operation. The digital control unit
consists of the Digital Signal Processor (DSP) and Field Programmable Gate
Array (FPGA) which perform functions of processing data from the
transducers and further generating control functions for driving the FC-MMCC

switches.
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Figure 5.23: 5-level full bridge flying capacitor.
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5.5.1 Cell card power circuit

The power cell card layout is a design of the control and power Applications
Group at Leeds University [195] see Figure 5.24. This consist of a electrolytic
capacitor, pair of complementary semiconductor switches, an isolated DC-DC
15V converter for powering gate drive circuits, over current protection, voltage
and current sensor circuits and a fibre optic transmitter-receiver circuits for
transferring switching pulses to the gate drive circuit. The power cell card PCB
design and manufactured PCB power cell cards are shown in Appendix C.5.
The protection circuit on the power cell cards is reset using S-R latch circuits
when over current and voltage fault occurs.

DC +

|

. DC-DC
Fibre =Y
Optie RX ot Top Converter

| i

O;fglgé':;m =| Gate Drive

Top IGBT

-

T Curent -
Sensing

DC-DC
Converter

!

»| Gate Drive

Control Board
“oltage
Transducer |
N
71

-

Oer Current
Protsction

Fiore PN

Current
[ Optic RX Bottom

Senging

|” Bottom IGBT

Figure 5.24: Power cell card circuit diagram.

The fibre optic Transmitter/Receiver circuit provides galvanic isolation
between the digital and analogue control signals. These are based on Avago’s
technologies HBFR-1521 transmitter and HBFR-2351 receivers [196]. These
are powered by 5V power supply. The output of this unit is fed into the gate
drive circuit which provides the necessary voltage to drive the IGBT switches.
This also provides galvanic isolation and are powered by 15V DC-DC
converter. The power cell card power supply layout is shown in Figure 5.25.
These power supplies include 3.3V, 5V, 15V and £15V where the 5V is the
main supply source on the cell cards. The linear voltage regulator generates
the 3.3V power supply that powers the protection circuitry, while the £15V
power supply powers the voltage transducers for capacitor voltage
measurement.
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Figure 5.25: Power cell card power supply layout.

The switching device and capacitor characteristics are summarized in
Appendix C.6.

5.5.2 Data Acquisition Unit

This comprises of transducers required for the measurement of voltage and
current values of AC and DC quantities of FC-MMCC and Power system. The
analogue signals are fed to the digital control unit and are applied for control
signal calculation. For voltage measurement, the LEM LV 25-P is used [197]
because of its linearity error of £0.2%, which gives an accuracy of £0.8%,
having a conversion ratio of 1:2.5. This transducer has good resolution, high
bandwidth and high immunity to noise and external interference. These were
used for AC voltages measurement at the source, load and converter side and
for DC voltages of the FC-MMCC capacitor voltages. The peak voltage rating
of this transducer is 500V. Likewise, for current measurement, the LEM LA
55-P which uses Hall Effect is applied in capturing the current at the PCC,
load and converter sides [198]. This has excellent resolution because it has a
linearity error less than 0.15% and conversion ratio of 1:1000, and immunity
to external interference. This has a conversion ratio of 1:1000 and has a peak
current rating of 50A. The power circuit of both voltage and current
transducers are shown in Appendix C.8. The measurement box is shown in
Figure 5.26 consist of 9 LEM LV 25-P voltage and 9 LEM LA 55-P current
transducers for measuring voltage and currents at the PCC, load and
converter sides.
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Figure 5.26: Measurement Box.
5.5.3 Digital Control unit

The control unit comprises of the digital signal processor and ProASIC FPGA
module. The data acquired from the voltage and current transducers are
converted into digital form in other to carry out the STATCOM control actions.
The Host port interface (HPI) daughter card monitors the external memory
interface (EMIF) which acts as a communication channel between DSP and
FPGA. The code composer studio and Libero Soc are used in programming
the DSP and FPGA.

5.5.3.1 FPGA Cards

This sits on the 32 bit EMIF and communicates through a 7-bit address and
32-bit data buses with DSP. This perform functions of; (a)
sampling/transmitting measured signals from transducers to DSP via an
interrupt routine and (b) synthesizing switching pulses from control signals
received from DSP. The interrupt service routine is triggered by the FPGA
module which acts as the Master. This aids transferring the synthesized PWM
switching pulses through fibre optic breakout boards to the fibre optic
transmitter as shown in Figure 5.27. The Actel ProASIC FPGA layout its
components are shown in Appendix C.9.
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Figure 5.27: FPGA connected with Fibre Optic Break out Board.
5.5.3.2 Digital Signal Processor

The TMS320C6713 is a high-speed floating point processor having a clock
frequency of 225MHz. This performs eight operation per instruction cycle due
to its Harvard architecture. The HPI provides an interface for PC connection.
The DSP LLCDSK6713HPI daughter card ensures real time access to data
variables to the external memory while DSP is in operation. The DSP function
as the main control centre as;

(a) Receiving A/D measured signals from FPGA for STATCOM control.
(b) Transferring reference control signals to FPGA for pulse signal
generation.

A/D signals from FPGA are calibrated and converted back to their original
values inside the DSP for proper implementation of STATCOM operation. This
is done using (5.33)-(5.35).

Snorm:(S_Smid)/Smid (533)
Spia =Spiep/2)—Spy (5.34)
Sactual = Snorm X Cf (535)

where S= 16-bit signal from FPGA A/D converter, Smis= mid-point, Sporm=
normalised signal and Cr= transducers conversion factor.

5.5.4 Program Overview

The main program routine is mainly an initialisation routine which sets the
external memory interface and initial control variables. The main program
consists of two sub-routines namely the FPGA initialisation and PWM sub-
routines.

FPGA initialisation sub-routine: this set-up the external interrupt service
routine and clears the FPGA counters when its default state is activated.
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Thereafter, the PWM dead time is set when the watchdog timer is enabled. In
addition, the up-down counters that generate the triangular carriers are
allocated with their initial values. This routine is in the active state only when
the external interrupt has been triggered.

PWM sub-routine: this routine is only triggered when the FPGA triggers the
external interrupt. This reads all the A/D signals from the FPGA and calibrate
these digital signals to their original analogue form before performing control
actions of PLL synchronisation, vector transformation, dc bus capacitor
voltage control, Current reference control and predictive current controller that
generates the sinusoidal modulation index reference waveforms which is fed
back to the FPGA to synthesize gate signals to drive the FC-MMCC switches.

Figure 5.28 shows the flow chart of the main, FPGA initialisation and PWM
sub-routines on how the software program works.

5.6 Experimental Validation

The experimental setup for validating the FC-MMCC functioning as a
STATCOM is like that of the simulation study. Figure 5.29 shows the power
system experimental circuit diagram and values of the components are listed
in Table 5.2. Figure 5.30 shows the photograph of the experimental rig.

Table 5.2: Power system Characteristics

Rating Value
PCC Side 3.0 kVA (110V, 10A)
Aluminium PI TX line
Distribution Line (d=10mm, s= 1m, I=1.1 km)

L=2mH, R=0.4 Q, X=0.6283 Q,
Short circuit current = 137 A

1.5 kVA (100V, 5 A)

Load Side Load: 22 Q, 47mH

Power factor = 0.83 lagging

1.8 kVA (120V, 5A)

Filter: 2.5 Q, 2.25 mH

Converter Side DC Capacitor rating (per sub-module):
400V, 1.12 mF (utilized at 60 V)

Module Flying Capacitor: 400V,
0.56mF (utilized at 30 V)

Switching frequency 750 Hz
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Figure 5.30: Experimental setup.
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5.6.1 Control System Implementation

The real-time control scheme for the experimental rig is implemented using
the DSP and FPGA as described in the previous section. The block diagram
showing the implementation procedure as illustrated in Figure 5.31 is
implemented in the DSP. The overall dc sub-module voltage is controlled
using discrete time PI controller while the current control based on discrete
time dead-beat predictive controller.

Capacitor l
Voltage g
Controller
; Ly conv - Vd conv - m
i d 4 p| Predictive »| Modulation a_,
abe aﬂb q 1 Current V Index
d conv q convy Lo
i —| Controller » control |
be load | ’
o 0a—> abc L toad T T
3 Vpccd VPCC‘]
V cd
dq Dce >
Vahc pce 174 PLL 0
pecqg |
abc et

Figure 5.31: Block diagram of control system.
5.6.1.1 Grid Synchronization

In this implementation, the synchronous reference frame phase lock loop
technique has been implemented since the three phase voltages are
balanced. Figure 5.32 shows the measured grid phase voltages, frequency
and the phase angle from PLL for grid voltage synchronization.

5.6.1.2 Discrete time Pl Controller for sub-module DC voltage

The PI controller is implemented in controlling dc capacitor voltages. In order
to implement the Pl controller during the interrupt routine, digitized PI
controller is designed and the equations describing its implementation is
derived below.

I/error = ref I/czctual (536)

I/vermri = (I/error + I/errmL prev)T:S' (537)
Vi

V= KP (Verror + %)TS (538)

i

where V is generated Pl control signal, Veror is the proportional error, Verrori is
the integral error, T; the integration time constant and Ts is the sampling or
interrupt period which is set at 10 kHz. The proportional control gain and
integration time constant for is controller are set to Kr=0.5 and T;=0.1 in order
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to attain minimum overshoot, fast settling time and minimum steady state

error.
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Figure 5.32: Synchronised grid voltage (a) PCC voltage (b) frequency and
(c) Angle.

Also, the sample time of this controller is made to be 5 times the sampling
time of the predictive current controller since the latter is required to be faster
for stability. The predictive dead beat current controller implemented for the
experimental setup is similar to the case discussed under the simulation
studies.

5.6.1.3 Capacitor Pre-charge Control

Capacitor pre-charge operation ensures sub-module capacitor voltages to be
at the desired voltage levels before converter compensation operation starts.
This is achieved by regulating the sub-module dc capacitor voltages with the
Iq conv component while iq conv is set to zero. Figure 5.33 show the block diagram
of pre-charge controller.
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Figure 5.33: Block diagram for pre-charge controller.
5.6.2 Result and Discussion

Figure 5.29 shows the experimental setup with the converter switching
frequency set to 750 Hz. At the start of the experiment, an inductive load is
connected to absorb the reactive power of 900 VAr. During the time interval
Os < t < 0.4s the converter sub-module capacitors are charged to the desired
voltage level. Attime intervals 0.4s<t<1.2s, 1.2s<t<2.4s,2s<t<2.8s, 2.8s<
t < 3.6s and 3.6s< t < 4.4s the STATCOM controller is active to compensate
20%, 40%, 60%, 80% and 100% of load reactive power.

5.6.2.1 Active and Reactive Current responses

Figure 5.34 (a)-(c) shows the PCC, Load, and converter side real and reactive
currents. Attime intervals 0<t<0.4,04<t<1.2,1.2<t<24,2<t<2.8,2.8<
t<3.6 and 3.6<t <44, it is seen that the reactive current at PCC reduces
from 2.4A (0.48pu) to OA, corresponding to compensation modes of 0% to
100%. While the converter reactive currents increases from OA to 2.4A
(0.48pu). On the load side, the reactive current is unchanged. The PCC real
current is seen to increase as the level of compensation increases due to the
active power absorbed by the converter to maintain capacitor voltages. The
PCC active current increases from 4.15A (0.83pu) to 4.625A (0.925pu)
corresponding to 0% to 100% reactive power compensation.
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Figure 5.34: d-q current control, (a) PCC, (b) Load and (c) converter.

Figure 5.35 and Figure 5.36 show the STATCOM current step response at
different compensation levels. It is seen that the STATCOM controller attains
steady state within 40ms for both reactive (iy) and active currents (ig).
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Figure 5.36: Response time of STATCOM active current under each load
condition Signals.

5.6.2.2 Active and Reactive power

Figures 5.37 (a)-(c) show the PCC, Load and converter active and reactive
power. The active and reactive power responses across the PCC, load and
converter sides are similar to their current responses. At time intervals 0< t <
0.4 to 3.6<t<4.4 corresponding to 0% to 100% reactive power compensation,
the PCC reactive and active powers decreases and increases from 900 VAr
to 0 VAr and 1600 W to 1800 W respectively. The decrease in PCC reactive
power results from converter reactive power injection whilst the PCC active
power increases results from maintaining converter sub-module capacitor
voltages and converter resistance filter power consumption compensation.
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{a) PCC Side- P, Q
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Figure 5.37: Active and reactive power across (a) PCC, (b) Load and (c)
converter sides.

5.6.2.3 PCC Voltage and current Responses

The PCC current magnitudes and angles at different compensation levels are
shown in Figure 5.38 (a)-(b). While the PCC voltage and current waveforms
are shown in Figure 5.39.

At t =0, the PCC current magnitude and power factor angles increase initially
depicting the current absorbed in charging converter sub-module capacitors.

The PCC current values corresponding to each compensator increment of 0%,
20%, 40%, 60%, 80% and 100% are0.955./34° pu , 0.93 228 pu , 0.91221.6° pu

, 0.915214° pu and 0.925 2£0° pu . This shows that the reactive power at PCC
gradually reduces to zero as seen in Figure 5.38 (b).
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(b) PCC Current Angle
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Figure 5.38: (a) PCC Current magnitude and (b) PCC Current angle.
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Figure 5.39: PCC voltage and current waveforms.
5.6.2.4 Converter side waveforms

Figure 5.40 shows the voltage and current waveforms while the converter
voltage and current magnitude and angle are shown in Figure 5.41 and 5.42

respectively. The converter current magnitude and phase angle with respect
to compensation levels are, 0.085286° pu ,0.185284° pu ,0.285,82° pu ,
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0.385,81.5° pu and 0.485 £80.5° pu corresponding to 20%, 40%, 60%, 80%
and 100% compensation mode respectively.

At compensation mode of 20%, 40%, 60%, 80% and 100% the converter

terminal voltages are adjusted by the STATCOM controller to meet current
requirement. The modulation index and converter angles areo.812 -1° pu ,

0.81£—4°pu ,0.8152-8"pu, 0.8075£—-11° pu@ndo.805 £ -15° pu . Figure 5.43

shows the converter voltage three-phase voltage waveforms having 9 distinct
voltage levels.

V &1 (pu) at 40%
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V &1 (pu at 80%
¥ &1 ipu) at 100%

S8 EEEEE

] 0.02

V&I (pu) at0%
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Figure 5.40: Converter voltage and current waveforms.
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(b) Converter Angle
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Figure 5.41: (a) Converter voltage magnitude and (b) angle at zero
compensation, 20%, 40%, 60%, 80% and 100%.
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(a) Converter Current Magnitude
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Figure 5.42: (a) Converter Current magnitude and (b) angle at zero
compensation, 20%, 40%, 60%, 80% and 100%.
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Figure 5.43: (a) converter Voltage waveforms.
5.6.2.5 DC capacitor voltages of converter

Figure 5.44 (a)-(c) shows sub-module capacitors while Figure 5.45 (a)-(c)
shows the inner flying capacitor voltage waveforms. The sub-module and
inner flying capacitors are seen to be maintained within 10% of their nominal
rated values as seen in Figure 5.44 and 5.45 respectively. But the voltage
ripples across each sub-module and inner flying capacitors increases as the
current flowing through the converter increases due to the compensation level
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increment. The sub-module and inner capacitor voltage ripples are seen to be
1+5% and 2% during 100% of converter compensation.
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Figure 5.44: Converter Sub-module capacitor voltages across (a) phase A,
(b) phase B and (c) Phase C.
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(a) Phase A Sub-module 1& 2 inner Capacitor Voltages
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Figure 5.45: Converter Sub-module inner flying capacitor voltages across (a)
phase A, (b) phase B and (c) Phase C.

The three phase voltage waveform of the supply source is shown in Figure
5.46, it is seen to be slightly unbalance. From the spectrum analysis of the
voltage waveform, it is seen to contain odd harmonics of 3", 5t 7" and 9%
but all are less than 1% of the fundamental component.
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(a) PCC Voltage waveform
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Figure 5.46: PCC voltage (a) three phase waveforms, and (b) phase A
voltage Spectrum.

5.7 Conclusion

This chapter presented the operation principle and control scheme for making
an MMCC to function as a STATCOM for reactive power compensation in a
balanced power system. Equations for determining the required converter
voltage and sub-module capacitor voltage ripple for reactive power
compensation were derived. The control scheme consisting of an outer P/
voltage control loop for the overall sub-module dc voltage and an inner dead-
beat current controller has been explained in detail. Its application to an FC-
MMCC with six sub-modules for reactive power compensation has been
described and desired results were shown. Validation of the control scheme
on an experimental FC-MMCC rig connected on a simple network were
carried out, and results presented showing that unity power factor correction
has been achieved under various operation conditions.
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Chapter 6
FC-MMC Based STATCOM for Unbalanced Load
Compensation

This chapter examines the FC-MMCC STATCOM for compensating not only
the load reactive power but also unbalanced load current in power distribution
systems. As discussed in Chapter 1, three-phase current unbalance in a
distribution network is common. The conditions are exacerbated by the
widespread use distributed generators which are often single phase though
they appear as unbalanced generators, rather than loads. A STATCOM can
be effective in compensating the unbalanced load current, hence re-balance
the current at PCC source end. With its advantages highlighted in chapter two,
the H-bridge based MMCC STATCOM is considered the most suitable.
However, because DC link capacitors per phase are separated, the MMCC
has the problem of phase cluster DC voltages drifting away from their nominal
value when working under unbalanced load. Consequently, it causes
STATCOM malfunctioning, leading to distorted currents being injected into the
grid, and possibly overstressing or even damaging the switching devices.

A method to address the balance problem is developed and presented in this
chapter. The principle is to inject a non-sinusoidal zero sequence
voltage/current composed of a fundamental plus its third harmonic
component, which allows power sharing between the clusters but does not
corrupt the current waveform injected into the grid. Applications of this
approach to MMCC STATCOMs in both star and delta configurations are
considered.

In this chapter the control technique for using MMCC- STATCOMs, in either
star or delta configuration, to compensate the unbalanced load current, as well
as reactive power, is presented. The phase cluster power imbalances due to
such compensation are analysed, hence formulae for estimating zero
sequence voltage/current to combat this imbalance are derived and presented
in detail. The chapter then quantifies the operating ranges and required ratings
due to the zero sequence and combined zero and third harmonic injection.
Results are compared and discussed in detail.

6.1 Circuit Configurations of an MMCC STATCOM

Like the case discussed in Chapter 5, the MMCC STATCOM used for
unbalanced operation also uses 5-L FC H-bridges as sub-modules and have
N such modules cascaded per phase. Three phase limbs may be in either
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star (SSBC) or delta connections (SDBC) as illustrated in Figure 6.1(a) and
(b), they show different characteristics under unbalanced operation. For
SSBC, the neutral points of the grid and converter sides are not connected
together. As usual terminals of phase limbs are connected through reactive
filters. For SDBC, the head and tail of two phase limbs are tied through a filter
reactor to limit the current harmonics and handle their voltage differences
between phase clusters. Here the grid is assumed having voltages at PCC
noted as vsm, (Where m=a, b, c¢) and phase output currents from the converter
im, which are unbalanced, hence have positive and negative sequence
components. They are represented by the equations given as below.

Vg, =V, sin(@t +¢,, - —) +V, sinat +¢,, — ;T) (6.1)
. . 2r . 2r
i, =1,sin(ot+@, — k?) + 1, sin(-wt + @, — k?) (6.2)

where subscripts p and n define the coefficients for the positive and negative
components. k takes values k= 0, 1, 2 and @, @vn, @ip and @in are the phase
angles of the positive and negative sequence voltages and currents.

In Figure 6.1 the dc capacitor voltages are Vucmn, (Where m=a, b, c for star
connection and m=ab, bc, ca for delta); n=1, 2, N) for all the converter
modules.
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Figure 6.1: Configurations of Two MMCC STATCOMs namely (a) SSBC, (b)
SDBC, with (c) 5L-FC as sub-module.
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6.2 Inter-Cluster DC Voltage Balancing Control Based on
Zero Sequence Components

6.2.1 Current Re-balance Control and Problem Caused

For a power system having load drawing three-phase unbalanced current, the
MMCC-STATCOM in this system can be effective in overcoming the problem
by enabling the current at the PCC to be re-balanced. This requires the
MMCC-STATCOM supplying current having the negative sequence elements
as expressed by equation (6.2). However the consequence of performing load
current re-balance control result in the power per phase limb of MMCC,
evaluated by multiplying (6.1) and (6.2), becomes unbalanced. These
unbalanced active powers, flowing through the converter phases, causes
converter inter-cluster dc capacitor voltage imbalance, in turn the MMCC will
not work as required.

6.2.2 Analysis of Unbalance Phase Power and Zero Sequence
Elements

To overcome the above problem the unbalanced power elements must be
cancelled hence achieving equal active power flow through phase clusters.
This can be obtained by injecting zero sequence and third harmonic
components, Evaluations of the required zero sequence components are
summarized below for both star and delta configured MMCCs.

For star connection the scheme injects zero sequence voltage, hence the
converter phase voltage can be written as following while the current is given
by equation (6.2):

m.

Vs = Vs +V, =V, sin(@t +¢,, e )+V sin(—wt+¢,, — ?ﬂ)+Vo sin(ot +¢,). (6.3)

For delta connection, zero sequence current is injected so we have converter
voltages and currents expressions given as:
v, = \B(Vp sin(wt +¢,, —kz?ir +%) +V sin(-at +¢,, —k237r + ﬂ)) (6.4)

2w 2

i, =10,+I, psin(wt+ o, —k7+g)+ln sin(—wt +@,, —k7ﬂ+%))+la sin(wt +¢,)

= 5
(6.5)

Figure 6.2 shows the definitions of both voltage and current variables for both
MMCC configurations in a simplified circuit representation.
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Figure 6.2: Circuits and variables in (a) MMCC-SSBC and (b) MMCC-SDBC.

The phasor diagram shown in Figure 6.3 (a) and (b) depicts situations where
the STATCOM supplies both positive and negative sequence currents into the
grid while injecting either zero sequence voltage (in Figure 6.3(a)) or current
(in Figure 6.3 (b)). The unbalanced phase currents from the MMCC-
STATCOMs are for compensating the load unbalance currents i anc by hence
ensuring the grid currents to be balanced and in phase with the grid voltages
vsabc @S shown in Figure 6.3.

The grid ism and load irm currents are represented by black lines while the
converter currents used in compensating the unbalanced load currents are
represented by green lines. The converter voltages phasor are represented
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by green lines. The initial converter voltages Vcmo neutral point o are shifted
to point M by the addition of zero sequence voltage Vo represented by blue
line in controlling the inter-cluster dc voltage imbalance, particularly for the
SSBC-MMCC as shown in Figure 6.3 (a). While for the SDBC-MMCC, a zero
sequence current i, represented by blue line circulates around the converter
for its inter-cluster dc voltage control.
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Figure 6.3: Voltage and Current phasor diagram for (a) SSBC and (b)
SDBC-MMCC.

The subsequent instantaneous powers per phase cluster are evaluated
according to [199] as:

P, =V,od,,m=a,b,cforstar configuration, and

, . (6.6)
Dy =V, »m=ab,bc,ca deltaconfiguration.
The average active power at each phase is calculated as:
2z
a) [0}
P =— dt 6.7
=P (6.7)

0

For SSBC-MMCC the average phase active power is obtained by multiplying
(6.3) and (6.2) and averaging the product over time, is given by:
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1 1
+g—V I cos +¢,) +qg=V, I cos + 0,
VPIP COS((DV[, _golp) q 2 pon ((pvp (pln) q 2 n-p ((pvn (pzp)

+ V'n]n COS((pvn - (pin) \/5 : \/3 .
+r 7 Vpln Sln((pvp + (pin ) + r7 I/n]p Sln((pvn + (p[p)

o —
Fenand Fe,

1 Jom By (6.8)

1 1
- qE VUIP COS((po _(pip) + qEVoln COS((pa +(pin)

—r \/25 V(;IP Sin(‘Po - (p[p) -r \/25 Voln Sin((pf’ + (pin)

i i
where, q and r take values q=-2, 1, 1Tand r=0, +1, -1for m=a, b, c.

Likewise for SDBC-MMCC the average power per phase, given by multiplying
(6.5) and (6.6) and time averaging the product, is expressed as:

1 1
VPIP COS(QDVP _ (pip) - qE p[n Cos(q)vp + (Din) - qE I/nlp COS((DWI + (Dlp)

+ I/nln COS((DWI - (oin) \/g : \/g :
+ ]/'7 Vp]n Sln((pvp + (pin)+ 7"71/,[]17 Sln(@vn + (pip)

Plyand Pg,

1 Piy P (6.9)
3 I 3 I
+ I”E VP o COS((DVF o (00) - FE I/n o Cos(q)vn + (DD)

NEI NEI—
- 97 Visin(e,-o,) + q7 V.1,sin(p, +¢,)

+0 =d
F Cm P Cm

where, q and rtake values q= 1, -2, 1 and r= +1, 0, -1 for m= ab, bc, ca (delta)
respectively.

As can be seen the first two terms in both power equations (6.9) and (6.10)
are the products of positive sequence voltage and current (i.e. Pcn**), and
negative sequence voltage and current (i.e. Pcm™); these active powers are
provided by the grid to compensate for power losses within the converter. The
remaining eight terms can be grouped into two equal sets; the first four are
the cross products of both positive sequence voltage and negative sequence
current (i.e. Pcm*), and negative voltage and positive sequence current (i.e.
Pcm™). The second set is due to zero sequence elements; for star connection,
these are the products of zero sequence voltage and positive current or
negative sequence current (i.e. Pcm®* and Pcm®). For delta connection, they
are zero sequence current multiplying respectively positive or negative
sequence voltages (i.e. Pcm*® and Pcm©). The sum of these terms are written
as:

1 - —+ o+ =
pCm ZE(PCm +PCm +PCm +PCm) (6'10)
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It is clear that non-zero Pcm causes phase cluster dc voltages drifting
suppressing it requires exact estimation of the unknown zero sequence
voltage v, for the star topology and the single zero sequence current i, for the
Delta case.

6.2.3 Estimation of Zero Sequence Components

This can only be done via feedback control of per phase cluster dc-voltages.
A method is proposed here as shown in Figure 6.4. The scheme consists of
three voltage feedback loops one per phase, they all use the same reference
voltage which is the average of all three phase cluster dc-voltages, Vic avg.
This compares each phase cluster's measured average voltage v4en and a Pl
controller is then used to generate the compensating current. Multiplying this
with the measured vqen gives the required power to regulate the three phase
cluster dc-voltages to the same nominal level. Furthermore the unbalanced
active powers, Pcn* and Pcm*™ can be applied to compare with the control
loop output power. These powers are estimated through real-time
measurement of PCC phase voltages and converter reference currents. The
differences give per phase zero sequence average active powers (Pcm°) as:

F.,=F.,, —(F.,, +F.,, ), wherem=a,b,cforstar,ab,bc,cafordelta. (6.11)
Fours o
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Figure 6.4: Diagram of cluster voltage balancing control.

The three-phase active power obtained is then transformed into a- form, and
can be written as functions of zero sequence voltage as:
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1 1 pe
, | —— ——| P
PCa 2 2 2 0 1 All A12 Vo COS(DO
o Y RN RN -8 R et R 7 (6.12)
Cp 0 —2= 2= | po 2 Ay ||V, SIQ,
2 2 Cce

where:

All = (]p COSgDip _In COS(DI-”)

AlZ :(]p 81n¢lp+]n Sinqoin) (6 13)
AZl = (_Ip Sln q)lp + [}'I Sln q)in) . -

A22 = (Ip COS(pip + ]n COs (pin)

Likewise the zero sequence current is given by:
1 bl P
P 2 2 2| pe _W3[B, B, |1, cosp, (6.14)
Pl 3 3 V3| %" 4B, B,|I,sin
CcB 0o Y2 N2 0 21 »n i, 5@,
2 2 Cca

Bll = \/E(Vp COS(pvp - I/n COS(pvn) + (_Vp Sin(pvp + Vn Sin(pvn)
B,= (Vp cosop,, +V, cosQ, )+ \B (Vp sin o, +V, sing,)

. (6.15)
BZI = (_I/p COS(pvp + I/n COS(DW) + \/g(_r/p Sin(pvp + I/n Singovn)
B22 = \/E(Vp COS(p\rp + I/n COS()DW!) - (Vp Sin(pvp + Vn Sin(pvn)
The zero sequence voltage and current can then be expressed as:
V,cosg, __ 2 4, -4, || F, (6.16)
V,sing, | I,-1I7|-4, A, | P
1, cosp, _ 1 B, -B,|F, (6.17)
1,sing, \/g(sz -VHl=Bn By |

where the magnitude and phase angle of the zero sequence voltage and
current are given as:

i . (6.18)
Q, = arcta{m} wherem =V and |
m, cosQ,
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The detailed derivation procedure of the zero sequence component is given
in appendix D1. It can be seen from (6.17) that for the SSBC-MMCC, the zero
sequence voltage becomes infinite large (i.e.v, »~) when,; ~/ ,
consequently resulting in one or two converter phase voltages requiring
unlimited high cluster dc-link voltage which is not realisable. Thus the
capability of a SSBC-MMCC STATCOM for unbalanced load compensation is
limited by the rating of its phase cluster voltages. However, this is not the case
for the delta connection. From (6.18), the zero sequence current circulating

between the phases increases with the magnitude of /, and /,, but does not
tend to infinity whens, ~ 71, .

6.3 Control of MMCC STATCOMs for Unbalance Load
Compensation

The control system for an MMCC STATCOM for unbalanced load
compensation consists of mainly three parts as shown in Figure 6.5; these are
the phase cluster dc-voltage control due to unbalanced power and that due to
balanced converter power losses, and the converter current control loop. The
synchronous rotating dq reference frame is used for this control system (the
derivation is shown in appendix D2). The DDSRF phase locked loop
discussed in Chapter one is used to synchronize all MMCC variables to the
grid voltage, i.e. transforming the stationary quantities into dq rotating frame
using grid voltage as the reference synchronization angle 6.
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Figure 6.5: Overall unbalance Load compensation block diagram.
6.3.1 DC-link voltage control

The dc-link voltage control is divided into two parts namely;
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1. Overall dc-link voltage control
2. Inter phase cluster voltage balancing control

The overall dc-link voltage control provides the active power required to
maintain each dc capacitors to their required/desired values in all three
phases. This active power required by all the dc capacitors are determined
through a PI regulator as shown in Figure 6.6. The direct component of the
positive sequence current is:

i = (Kp_dc +Ki_dc/s)(V;c -V,

q c_avg)

(6.19)

where ky_dc and k;_qc are the proportional and integral gain of P/ regulator, V"
is the desired reference value of the dc-link and Ve avgis the average value of
all three phase sub-module dc-voltages.

The inter-cluster voltage control evaluates the zero sequence voltage or
current for either star or delta-based MMCC. The zero sequence voltage
calculated for the SSBC-MMCC is directly summed to the converter output
reference voltages from the predictive current controller (see Figure 6.6); while
for the SDBC-MMCC, the zero sequence current is converted into a voltage
command through a proportional controller as:

(iah + ibc + ica )

V,=K,(- +1,sin(wt+¢,)) - (6.20)

This voltage command is also added to the output of the predictive current
controller.

I’rdc Ep_dc + l—Ej_dc — Iq-'j

Ifd-c_ avg

Figure 6.6: Overall dc capacitor voltage control.

Figure 6.7 shows the flowchart of the control algorithm for both SSBC and
SDBC STATCOMs for performing reactive power and unbalanced load
compensations. Firstly the negative sequence and positive sequence reactive
currents are extracted from the measured load current, leaving only the
positive sequence active currents which will be supplied by the source at PCC.
Meanwhile, the required active current due for the overall sub-module dc
capacitor voltage balancing is computed. Both these current elements are
combined to form the STATCOM reference value for its current control. The
next step involves evaluating the magnitude and angle of zero sequence
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components (vofor SSBC and i, for SDBC). These use the currents evaluated
from the first step, PCC voltages and the inter-cluster active powers and apply
equation (6.18). The calculated zero sequence components are then
combined with the reference converter voltages obtained from the current
control loop, forming the reference voltage signals required by the PWM
scheme for the converter switching control.

Start
Extract Compensation Currents Compute Active Current for
from L.oad Currents Capacitor Voltage Balancing

| |
v
Compute STATCOM
Reference Currents

h A

Calculate Cluster Active Powers Pa, Pb, STATCOM PCC
Pc (Star) & Pab, Pbc, Pca (Delta) Currents Voltages

! v ,

Calculate Zero Sequence Component
Magnitude and Angle Vo, (Do (Star) & o, (o
(Delta) for Inter-Cluster Balancing Control

Current Controller Generating Converter
Reference Voltage

4 v
Addition of Zero Sequence Components

to Converter Reference Voltage Vemo

v
Modulator
Block

Figure 6.7: Flowchart of Single cell MMCC for unbalanced load
compensation

6.3.2 Current Control using Dual vector predictive control

This is implemented using two predictive current controllers in positive and
negative sequence synchronous reference frame as illustrated in Figure 6.8.
PCC voltages and converter currents are transformed into positive and
negative sequence components with the current controller tracking the
converter reference currents generated from voltage control loops the outputs
of the predictive current controller i.e. the reference output voltages are given
below as:

L
+ + (RC - C) COLC .t 0 L
l:de(kJrl):l _ l:vPCCd(k):l N T l:lCd(k)} 4 T {ZC“’(")} (6.21)
+ LC +*

+ + L . .
Vg (k1) Vpcey (k) — oL, (R, — =< Leqahy Ieqah
T
s s
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Lc

_ _ (R, — i) —-oL. — — 0 |r..-
[Vcd(k+l):| _ l:VPCCd(k):I + T . {Z_Cd(k):l + T . l:l.ci(k):l (6.22)
Vegk+1y Veccy (k) oL, (R, — T_C) Legory 0 =< | teqtn)
s s

where vcag*, Vedg and Vpeedg®, Voccdg™ are the converter reference and PCC
positive and negative sequence voltage, while icqq*, icag” and icdg™, icag™ are
the positive and negative sequence converter and reference currents. Rrand
Lrare the converter resistive and inductive filter parameters, w is the angular
frequency of PCC voltage. For delta connection, Rrand Lrare replaced by Ry
/3 and Lf/3 in (6.21) and (6.22) respectively. The reference dq voltages are
transformed into three stationary reference frame which is fed into the
modulation block (PS-PWM) to generate the converter switching pattern.

ﬂ.’
: !
Vdg——| Predictive N
=+ co dg
qu*-l-_h Positive > .
' abe
ldgq »| Sequence i Yem
Gain [—»
- +
Vag—[ predictive
fd 3 N cc " d'q-
. 1 . Negative "
ldg__ | Sequence abe
|

Figure 6.8: Predictive current control (CC) block. For star MMCC 6= 6 and
Gain=1 while for delta MMCC 6’= 6+17/6 and Gain=3.

6.3.3 Evaluation of the zero sequence voltage and current to the
degree of load unbalance

In this section, the zero sequence voltage and current applied in ensuring
inter-cluster capacitor voltage balancing are analysed under different degree
of load unbalance. This is to show how their magnitude and phase angles are
influenced by the compensation current magnitude and phase angles to the
grid voltage. In these analyses, the power losses in the converter will be
neglected thus resulting in the positive sequence compensation current /Ip
phase angle relative to V, being +1/2 (i.e. capacitive operation). The
magnitudes of the zero sequence components required to prevent cluster
voltage unbalance vary not only with /» magnitude change but also with its
phase angle relative to V,. The simplified expressions for zero sequence
voltage magnitude and phase angle are given as:
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VI
Vo= 4 ;2 JU2+ 12421 1, cos(p,, +3p,,) (6.23)
p  tn
I sin(p. +@. )—1 sin2o.
®, =arctan( oSN, +9) =1, ¢’"] (6.24)
Ip COS((Dip + (Din) + In Cos 2(Din

From (6.23), it is seen that the magnitude of the zero sequence voltage
depends on the magnitudes and phase angles of both positive and negative
sequence currents to be compensated. Two examples are given below to
verify this.

Case 1

Io = 1pu, In = 0.5pu, and both these currents are in phase hence i.e. @ip = @i
= +11/2, and Vp = 1pu, thus:
0.5

0.5
Vo= 12 +0.5% + 1cos(27) =——+/2.25 =1
° 71205 Ve (27) =075 P

@, = arctan si(z) Z0.3sin 7 ) _ . tan [ —0— | = 180°
cos(w)+0.5cos -1.5

Case 2

Io =1pu, In = 0.5pu, and the two currents are anti-phased to each other i.e. @j
=+11/2, @in=-11/2, and V, = 1pu. Then:

.
o 1_0

¢, = arcta\{ sin(0)=0.3sinr) ] = arcta\{ij =0°
cos(0)+0.5cos(-n) 0.5
These examples show that with the same magnitudes for I, and I, if there
phase angles are different the resultant V, magnitudes are different. The 3-D
plot in Figure 6.9 shows the variation of V, with respect to both ¢i» and the
degree of unbalance defined as Kir = I/l which further validates the above
analysis. The plot shows that the maximum V, value not only occurs at @in

=17/2 but also at ¢in =- /6 and - 217/3, likewise the minimum occurs at @, =-
/2, /6 and 211/3.

= J(7 +0.5% + cos(-7) :%\/o.zs =0.33pu
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Figure 6.9: Relationship between the zero sequence voltage magnitude V,,
degree of unbalance K= I/lp, and the phase angle of the negative sequence

current @, at the maximum PCC voltage 230V.

For SDBC, the zero sequence current magnitude and angle can be simplified
as:

;L (6.25)

NG

Q, = arctan(— coto,, )

6.26

= 900 + (pin ( )
Thus above shows that the magnitude of the zero sequence current I, is
proportional to /, and independent of its relative phase (see Figure 6.10). The
whole derivations are given in appendix D4.

@in (rad) e T 0

Figure 6.10: Relationship between the zero sequence current /,, degree of
unbalance Ki= I/l,, and the phase angle of the negative sequence current

at maximum cluster current (2/v3) A.
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6.4 Derivation of Required Third Harmonic Component

As has been analysed and shown in Figures 6.9 and 6.10, when
compensating unbalanced load current the operating range of SSBC is limited
in comparison to that of SDBC. With the increase of Ki, zero sequence
voltage can grow excessively high, pushing one of the phase cluster voltages
well above its rated level. This, in turn, leads to its DC-link voltage collapsing,
making the converter not able to operate. One way to extend the SSBC’s
operating range is to inject zero sequence voltage plus its third harmonic, thus
reducing the peak value of injected voltage.

To find the third harmonic component in SSBC MMCC case, we take the zero
sequence voltage magnitude and angle, evaluated by (6.18), as the
fundamental element and add its third harmonic component and the third
harmonic of the PCC voltage, so the new injection term for balancing inter
cluster voltage is expressed as:

v, =V sin(wt+¢,)

, 1. v, . : (6.27)
v, =V (sin(wt+¢@,)+ P sin(3wt +3¢,)) + 3 sin(3awt +3¢,,)
Likewise for SDBC MMCC the injection current term is given as:
i, =1 sin@+@),)
(6.28)

i =1 (singx +¢0)+ésm@ax+3¢o))'

Waveforms of the converter phase cluster reference quantities (i.e. voltage for
SSBC and current for SDBC respectively) with zero sequence components
injection only and zero sequence plus third harmonics are shown in Figure
6.11. For SSBC the phase voltages shown in Figure 6.11 (a) and (b) are
obtained when the ratio of negative to positive sequence currents, defined as
ki= In/lp, is set to 0.3 and they are in phase. It can be seen clearly that the
magnitudes of the three phase cluster voltages are different. Comparing both
injection techniques the maximum phase voltage corresponding to the third
harmonic injection is 1.2 pu, while the zero sequence injection is 1.3 pu which
is about 10% higher. In the SDBC case, the current waveforms are derived
with Ki-=0.55. The maximum phase current magnitude for the combined zero
sequence current and its third harmonic is only 88% of that when only zero
sequence current is injected.
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Figure 6.11: SSBC and SDBC converter cluster voltage and current reference
waveforms (a) injecting zero sequence voltage, (b) zero sequence voltage +

its third harmonic for; /7, =03pu , (€) injecting zero sequence current and (d)
zero sequence current + its third harmonic injection with ;. /1,=0.55pu-
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6.5 Operating Range Extensions and Ratings of MMCC under
Various Unbalanced Load conditions

The operating ranges and ratings of both SSBC and SDBC-MMCC are
analysed under load unbalanced conditions. This analysis is based on the
zero sequence component method of inter cluster balancing control. Under
this condition, the influence of the zero sequence components on the
operating capabilities and rating of the MMCC are analysed. The degree of
load current imbalance Ki-is used in this investigation.

6.5.1 SSBC MMCC

The differences between the magnitudes of injected voltage when using zero
sequence voltage v, and the third harmonic injection method as discussed in
section 6.4, are shown in Figure 6.12 for Kir varying from 0 to 0.9 with phase
angle ¢, = ¢, (worst condition). It can be seen that in the range0 <k, <05,
the magnitudes when using vo3 which includes PCC voltage third harmonic
components are always higher than that of using v, only while the reverse is
the case in the range0.5< K, <0.9. Itis seen in Figure 6.12 that at Ki-=0.5, the
magnitude of v, and vo3 are equal because the two third harmonic components
of vo3 are equal and opposite, thereby cancelling out each other (see the
analysis in 6.3.3).

In determining the phase cluster dc-capacitor voltage required by the SSBC-
MMCC for load unbalance compensation, the voltages of each phase are
dependent on their cluster individual module dc-link voltages Ve, and their
total value X V4c=nmp.Vac, where nmp is the number of modules per phase. The
three phase voltages may be different and the peak values of the maximum
phase voltages can be defined as:

V =Max (|V,,, D<n,V,. (6.29),

dc _ rated mp

where the converter output voltage is given as:

Vs =V +v, 4 L4 R =V, sin(et+,) (6.30)

m.

R
vy

and Vr defines the voltage drop across the MMCC filter; m= a, b, c.
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Figure 6.13 shows a logarithmic plot of the V¢ rated Varying according to Ki,
when injecting both zero sequence voltage fundamental plus the third
harmonic component. It is seen that by injecting vos for inter cluster voltage

balancing, the maximum cluster dc-link voltage, Vi rateq, is clearly lower than
when injecting only v, for 0<K, <0.45and0.55< K, <0.9. Within the range

045< K, <0.55 a dead zone exists, meaning that the Vic rates Values of both v,
and vo3 injection techniques are almost equal. This results from the fact that
within0.45< K, <0.55 both v, and vo3 are almost equal as illustrated in Figure
6.13. Since it is practically not feasible to rate an MMCC-SSBC STATCOM
more than twice its nominal PCC voltage, the vo3techniques provide better
and reduced Vi rateqd VOItage utilization compared to the v, counterpart. For
example, for Ki=0.2, the normalized peak Ve rated /Vp under v, injection is
about 1.18pu whereas for voz it is only 1.07pu. This implies that for an 11 kV
distribution system compensating Ki;=0.2 of load unbalance where each
converter module is rated 400V, 33 and 30 modules will be required for both
Vo and Vo3 injection techniques respectively. It is therefore seen that the use
of the zero sequence voltage fundamental plus its third harmonic components
reduces the number of sub-modules required per phase for the SSBC-

STATCOM. It is important to note that this dead zone phenomenon only
occurs for the worst case condition (¢, = ¢, )-

T NN -]
T T

(pu)

0.5

0.3
0.2

0.1

Figure 6.12: Comparison between sinusoidal and third harmonic zero
sequence injection with respect to Ki.
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Figure 6.13: Comparison between sinusoidal and third harmonic zero
sequence injection with respect to estimated DC-link cluster voltage.

6.5.2 SDBC MMCC

Comparing the current magnitudes of injecting io and io3 as a function of Ki,
the one under i3 is lower than that when injecting its fundamental frequency
counterpart as Kir varies from 0 to 1 as seen in Figure 6.14.
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The phase cluster currents in the SDBC are expressed as;

lm = lmp + lmn

+ i, where m = ab ,bc,ca (6.31)

The current rating /rated Of the SDBC is determined by the maximum phase
current given as;

Imted = Max (| Im |) (632)

The maximum phase current of the SDBC only occurs when the zero
sequence current is in phase with any of the phase cluster currents. Based on
equation (6.32), this occurs at @in =-17/3, -1r and 17/3.

Figure 6.15, shows the relationship between the maximum cluster current and
the degree of unbalance Ki- for both the i, and io3 injections at @in =-11/3. It is
seen that by injecting io3 for inter cluster voltage balancing, the required
cluster current rating, lated, is lower than when injecting just a fundamental
component of the zero sequence current (i). For example when Kj- =1 the
rated cluster current required for both i, and /o3 injection techniques are 1.39
pu and 1.29 pu respectively.

0.5

0.25

0.1

(pu)

0.03

0.1 0.2 . 03 0.4 05 0.6 0.70.809

Figure 6.14: Comparison between sinusoidal and third harmonic zero
sequence injection with respect to Ki.

1.4
1.25

Irated (pu)

0.5

---------------- et B B s st e

0.1 0.2 0.3 0.4 0.5 0.6 0.7 08091
Kir

Figure 6.15: Comparison between sinusoidal and third harmonic zero
sequence injection with respect to estimated cluster current.
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Figure 6.16 contrasts the increases of vo and io as Kir raises from 0 to 0.9.
Note that the vertical axes on the right and left-hand sides represent the
magnitudes of io and ve. At the level of unbalance when Kir=0.9, one can see
that io is only 0.5 pu, hence 50% of the phase nominal value, however, vois 9
pu, 9 times of the nominal voltage value. From this plot, it is clear that the
required magnitude of zero sequence current for balancing the inter-cluster
capacitor voltage of the SDBC is far lower than the zero sequence voltage
required for SSBC.

10 T T r r T . r ! 0.5

8

6

Vv, (pu)
s

%]

Figure 6.16: Comparison between Zero sequence current and voltage for the
same Kir=In/lp condition at their maximum limits.

6.6 Simulation Results and Discussion

The theoretical analysis presented in the earlier sections has been verified via
simulation tests for both star and delta configured MMCC using both
fundamental and third harmonic injection of zero sequence components. The
parameters of the MMCC circuits and control gains are listed in Table 6.1 and
6.2 respectively.

For these tests, the load was set to have a degree of unbalance, K;=0.7,
Figures 6.17 and 6.18 show the results obtained for SSBC-MMCC, whilst
Figures 6.19 and 6.20 are for SDBC-MMCC. Each figure displays ten
variables at different nodes of the system, these are (a) degree of load
unbalance Kijr variation, (b) and (c) are the supply voltages and currents, (d)
converter phase reference voltages, (e) converter phase voltages, (f)
converter cluster currents, (g) inter-cluster sub-module capacitor voltages, (h)
sub-module capacitor voltages, (i) sub-module inner flying capacitor voltages,
(j) zero sequence components either voltage (star) or current (delta).
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Table 6.1: MMCC power system parameters

SSBC SDBC

1.8 kVA (60V, 10A)
Aluminium Pl TX line
(d=10mm, s= 1m, I=1.1 km)

L=2mH, R=0.4 Q, X=0.6283 Q, Short
circuit current = 137 A

1.8 kVA (60V, 10A)

Load A: 22 Q, 42mH

Load B: 20.5 Q, 42mH

Load C: 10 Q, 1.64mH

Configuration
PCC Side
Distribution Line

Load Side

Converter Side

1.5 kVA (100V, 5A)

Filter:10Q, 10mH
DC Capacitor rating
(per sub-module):
400V, 1.12 mF
(utilized at 50 V)

Module Flying
Capacitor: 400V,
0.56mF (utilized at
25V)

1.26 kVA (140V, 3A)

Filter: 10Q,10mH
DC Capacitor rating
(per sub-module):
400V, 1.12 mF
(utilized at 70 V)

Module Flying
Capacitor: 400V,
0.56mF (utilized at
35V)

Table 6.2: Control gain parameters

Gain parameters SSBC | SDBC
Overall dc capacitor proportional gain Kp-dc 0.1 0.1
Overall dc capacitor integral gain Ki.qc 20 10
Cluster dc capacitor proportional gain Kp-¢ 0.1 0.01
Cluster dc capacitor integral gain K¢ 30 30
Circulating current proportional gain Kpio - 30

Figure 6.17 shows the waveforms for SSBC-based STATCOM using
Figure 6.18 gives the
corresponding waveforms under the same operating conditions but using third
harmonic zero sequence voltage vo3 for inter-cluster dc-voltage balancing.

sinusoidal zero sequence voltage injection.

As seen from both figures, during the time interval 0<t<0.7s, the STATCOM
operates under unbalanced load conditions but only reactive power
compensation is carried out. From {=0.7s, the STATCOM controller
compensates load unbalance by increasing Kir in steps of 0.21, 0.105, 0.075
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and 0.05 in Figure 6.17(a) and in steps of 0.21, 0.14, 0.09 and 0.05 in Figure
6.18(a).

It can be seen clearly that when using sinusoidal zero sequence voltage
injection, adequate compensation of negative sequence current is achieved
for Kir up to 0.6 (0.71s<t<0.5s) and sub-module dc capacitor voltages are
operating within their nominal rating (see Figure 6.17(g)-(h)). However, further
increasing the degree of unbalance, when K;=0.65 (0.5s<t<0.6s), phase C
converter voltage exceeds its nominal value as seen in Figure 6.17(d)-(e) due
to high zero sequence voltage (reaching 60 V) (see Figure 6.17(j)). The dc-
link voltage become uncontrollable see Figure 6.17(h)-(i) which result in
distorted currents injected in the grid as seen in Figure 6.17(c), (f).

In contrast, the operating range can be observed when third harmonic zero
sequence voltage injection is used as shown in Figure 6.18. Within the time
interval 0.4s<t<0.5s at K;=0.65, the converter phase C voltage is still within
the rated limit (see Figure 6.18(d)-(e)) and the inter-cluster and sub-module
capacitor dc voltages are still been maintained balanced. Thus, it is clear that
using the third harmonic voltage injection for inter-cluster dc-link voltage
balance in contrast with the fundamental zero sequence voltage, the
magnitude of the third harmonic injected zero sequence voltage is lesser than
the other for the same Kijr value. Thus, the working range of the SSBC-MMCC
is extended compared to that when only zero sequence voltage is used.

The operating behaviour of SDBC STATCOM under unbalanced load
compensation is seen in Figures 6.19 and 6.20. Comparing with SSBC
STATCOM, the SDBC offers much higher capability. The superiority of the
SDBC over SSBC is mostly evident at a high degree of load unbalance, at Kir
=0.7, the SDBC compensates the unbalanced current completely as seen in
Figures 6.19(c) and 6.20(c). The inter-cluster and sub-module dc capacitor
voltages are maintained within £10% of their nominal rated values (see
Figures 6.19(g)-(h) and Figures 6.20(g)-(h)). Comparing the results of using
third order harmonic with the fundamental zero sequence current injections,
the magnitude of the zero sequence current with third harmonics at Kir =0.7 is
0.1A lower than to that of fundamental zero sequence current which is 0.6A (
see Figure 6.19(j) and Figure 6.20(j)).
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Figure 6.17: Operating behaviour of SSBC under unbalance load using
sinusoidal zero sequence voltage injection.
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Figure 6.18: Operating behaviour of SSBC under unbalance load
compensation using third harmonic zero sequence voltage injection.
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Figure 6.19: Operating behaviour of SDBC under unbalance load using
sinusoidal zero sequence current injection.
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6.7 Experimental Validations
6.7.1 Experimental set-up

The power system for testing the STATCOM capability in compensating
reactive power and negative sequence current at a single feeder bus point of
a distribution system is shown in Figure 6.21. Only the star configured MMCC
is shown since both configurations have been schematically shown in Figure
6.1.This is further divided into three parts namely the PCC side, load side and
converter side; these are discussed below.

e The PCC side comprises of the 415V 3-phase power supply connected
via an auto transformer which is set to 60V and transmission line
impedance.

e The load side is modelled to represent an unbalance load which
consumes reactive power and introduces current imbalance at the point
of common coupling. This consists of rheostats and inductors modelled
across each phase. The load impedance across each phase is shown
in Table 6.3.

e The converter side consists of the built prototype 9-level MMCC
consisting of two cascaded 5-level FC sub-modules which are
connected to the PCC through and R-L filter. The converter is
configured in both star and delta configurations for this research.

Table 6.3: Power system Characteristics

Configuration SSBC SDBC

PCC Side 1.8 kVA (60V, 10A)
Aluminium PI TX line
(d=10mm, s= 1m, I=1.1 km)

Distribution N

Line L =2mH, R=0.4 Q, X=0.6283 Q, Short circuit
current = 137 A

Load Side 1.8 kVA (60V, 10A), Load A: 22 Q, 42mH
Load B: 20.5 Q, 42mH, Load C: 10 Q,1.64mH
1.5 kVA (100V, 5A) 1.26 kVA (140V, 3A)
Filter:10Q, 10mH Filter: 10Q,10mH

DC Capacitor rating (per | DC Capacitor rating
. sub-module): (utilized at | (per sub-module):
Converter Side | 51 /) (utilized at 70 V)

Module Flying Capacitor: | Module Flying
(utilized at 25 V) (utilized at 35 V)
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Figure 6.21: Experimental power system configuration for MMCC in star configuration.
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6.7.2 Results and Discussion

The simulation results presented in the previous section been validated
experimentally for both star and delta configured MMCCs using both
fundamental and third harmonic injection of zero sequence components under
similar test conditions as the simulation tests. The controller parameters are
listed in Table 6.4.

Table 6.4: Control gain parameters

Gain parameters SSBC | SDBC
Overall dc capacitor proportional gain Kp-dc 0.1 0.1
Overall dc capacitor integral gain Ki.qc 20 10
Cluster dc capacitor proportional gain Kp-¢ 0.1 0.01
Cluster dc capacitor integral gain K¢ 30 30
Circulating current proportional gain Kpio - 30

For these tests, the load was set to have a degree of load unbalance, K;=0.7,
Figures 6.22 and 6.23 show the results obtained for the SSBC-MMCC, whilst
Figures 6.24 and 6.25 are for the SDBC-MMCC.

Figure 6.22 shows the waveforms obtained for SSBC-based STATCOM with
a sinusoidal zero sequence voltage injection. Figure 6.23 gives the
corresponding waveforms under the same operating conditions but using third
harmonic zero sequence voltage vo3 for inter-cluster dc-voltage balancing.

As can be seen from both figures, during the time interval 0<t<0.17s, the
STATCOM operates under unbalanced load conditions but only
compensating reactive power. From (=0.1s, the STATCOM controller
compensates load unbalance by increasing Kir in steps of 0.21, 0.105, 0.075
and 0.05 in Figure 6.22(a) and in steps of 0.21, 0.714, 0.09 and 0.05 in Figure
6.23(a).

It can be seen clearly that when using sinusoidal zero sequence voltage
injection, adequate compensation of negative sequence current is achieved
for Kir up to 0.6 (0.7s<t<0.5s) and sub-module dc capacitor voltages are
operating within their nominal rating (see Figure 6.22 (g)-(h)). However, further
increasing the degree of current unbalance, when K;=0.65 (0.5s<t<0.6s),
phase C converter voltage exceeds its nominal value as seen in Figure 6.22
(d)-(e) due to high zero sequence voltage (reaching 60V) (see Figure 6.22 (j)).
The dc-link voltage becomes uncontrollable (see Figure 6.22 (h)-(i)) which
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result in distorted currents being injected into the grid as seen in Figures 6.22
(c). (f).

In contrast, the converter operating range, when the third harmonic zero
sequence voltage injection is used, can be observed as shown in Figure 6.23.
Within the time interval 0.4s<t<0.5s at Ki=0.65, the converter phase C voltage
is still within the rated limit (see Figures 6.23 (d)-(e)) and the inter-cluster and
sub-module capacitor dc voltages are still been maintained balanced. Thus, it
is clear that when using the third harmonic voltage injection for inter-cluster
dc-link voltage balance, the magnitude of the injected voltage is lower than
the fundamental zero sequence voltage for the same Ki- value. Thus, the
operating range of the SSBC-MMCC is extended.

The operating behaviour of the SDBC STATCOM under unbalanced load
compensation has also been tested and results can be seen in Figures 6.24
and 6.25. In comparison with SSBC STATCOM, the SDBC offers much better
capability. The superiority of the SDBC over SSBC is most evident at a higher
degree of load unbalance, at Kir=0.7, the SDBC compensates the unbalanced
current completely as seen in Figures 6.24 (c) and 6.25 (c). The inter-cluster
and sub-module dc capacitor voltages are maintained within £10% of their
nominal rated values (see Figure 6.26 (g)-(h) and Figure 6.25 (g)-(h)). In
contrast using the third order harmonic with the fundamental zero sequence
current injection, the magnitude of the injected current at Ki- =0.7 is 0.1A lower
compared to its fundamental zero sequence counterpart which is 0.6A (see
Figure 6.24 (j) and Figure 6.25 (j)). The inner flying capacitors of the delta
configured MMCC are seen to be balanced within £10% of their nominal rated
values (see Figure 6.26 (a)-(c)) for Kir =0.7. Figure 6.26 (d) shows converter
terminal voltage using PS-PWM scheme which has 9 distinctive levels.

Though the carrier frequency per module is 750 Hz, the PS-PWM results in
the harmonics in the MMCC phase voltage waveform being eight times of the
carrier frequency and its sidebands, hence the most significant harmonic
frequency is 750 x 8= 6000Hz and those of its sidebands. Two plots showing
the converter voltage waveform and its harmonic spectra with THD of 10.39%
are presented in Figure 6.26 (e). The converter phase voltage spectra diagram
shows clearly the harmonic frequencies at the specified frequency values.
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Figure 6.22: Operating behaviour of SSBC under unbalance load using
sinusoidal zero sequence voltage injection.
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Figure 6.23: Operating behaviour of SSBC under unbalance load
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Figure 6.26: Operating behaviour of SDBC under unbalance load
compensation using third harmonic zero sequence current injection.

To highlight the effectiveness of the STATCOM controller in compensating the
positive sequence reactive current and negative sequence current at PCC,
the power quality performance is shown through spectrum plot of the supply
end current when using SDBC STATCOM. Figure 6.27 shows that at the full
compensation the current THD is a low 4.13%. This gives a clear indication of
good power quality performance since the voltage at PCC is assumed well-
balanced and harmonic free. The SSBC case is not displayed because its
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capability is limited, thus resulting in injected distorted current when its sub-
module capacitor voltages are unstable.
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Figure 6.27: Supply end phase current THD during full compensation of SDBC

6.8 Comparison between Simulation and Experimental
Results

Both experimental and simulation studies were performed under the same
conditions and results obtained are seen to be similar. The positive sequence
reactive power and negative sequence current at the point of common
coupling is shown to be fully compensated by the SDBC STATCOM controller
under both simulation and experimental tests. While for the single star
configured MMCC, the sub-module dc capacitors become uncontrollable as
Kir=0.65 and K;=0.7 for the fundamental and third harmonic injection methods
under both simulation and experimental test.

The significant differences between both cases are;

1. Once the converter voltage exceeds 100V, the sub-module capacitor
voltages become uncontrollable, thus resulting in the sub-module
capacitor voltages drastically dropping below or above +50% their
nominal values in the experimental test while for the simulation test, it
does not drop below +20%.

2. In both test conditions using the SSBC-MMCC, once the converter
voltage exceeds its maximum value, the current injected into the grid
becomes distorted.

3. The converter waveforms of the experimental results appear to be less
ideal because of the switching devices were not ideal.
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6.9 Summary

The chapter investigated the MMCC STATCOM for compensating
simultaneously unbalanced load current and reactive power. It has shown that
the voltage/current operating ranges of both the star and delta configured
MMCC STATCOMs are limited, due to the zero sequence voltage or current
injection necessary to balance inter cluster dc-link voltages. This chapter
proposed the addition of a third harmonic component to its fundamental zero
sequence voltage/current components to extend their operating ranges. The
effect of such addition has been shown to reduce the voltage and current
requirements of SSBC and SDBC respectively. Neither the third harmonic nor
zero sequence components are added to the grid since they only flow within
the three phase clusters. A detailed analysis of the operating ranges of both
star and delta configured MMCC in rating the dc-link voltage (star) and cluster
current (delta) has been discussed. This has shown that the third harmonic
zero sequence component injection technique offers an extension of the
operating range at a given dc-link voltage (SSBC) and cluster current (SDBC),
and also lower dc-link voltage and current rating, at a given degree of
unbalance for both star and delta configured MMCC respectively except for
the dead zone which occurs at the worst condition of the zero sequence
voltage.

Experimental validations of the analysis confirmed that, with the newly
proposed scheme, the capability of the SSBC MMCC-based STATCOM for
unbalanced load compensation can be much improved. The extended voltage
operating range allows it to operate normally for a degree of load unbalance
5% higher than the case when only the sinusoidal zero sequence voltage is
used. For the same unbalance, the converter voltage can be reduced by 12%.
In conclusion, regardless of the superior capability provided by SDBC, the
zero sequence current injected using the third harmonic component technique
requires less current compared to the fundamental zero sequence current
counterpart.
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Chapter 7
Conclusion and Recommendations for Future Research

7.1 Conclusion

This research has focused on investigating Modular Multilevel Cascaded
Converters in STATCOM applications, using the flying Capacitor H-bridge
converter as sub-modules. To the author's knowledge, no study has
investigated the use of such MMCCs for unbalanced STATCOM applications.
The simulation and experimental studies have shown the capability of such
converters for both reactive power and negative sequence current
compensation. This research has helped to fill a knowledge gap regarding
sub-module concepts for MMCC STATCOM applications in unbalanced load

conditions.

The main contributions and achievements of this study are summarised

below;

1. A study was carried out to assess which sub-module and MMCC
configurations best suit STATCOM applications. These were based on
the metrics of footprint, cost, control complexity and redundancy. From
the assessment, it was established that the H-bridge sub-module is the
most feasible for STATCOM applications, followed by FC H-bridge sub-
modules when applied as a single star MMCC. The half bridge and FC
half bridge sub-modules were seen to offer the least benefits for
STATCOM applications along with the double star configurations.

2. A study was carried out to decide which pulse width modulation
techniques best suit the operation of the FC-MMCC for STATCOM
applications. This was based on the assessment of total harmonic
distortion, sub-module switch utilization, natural balancing of inner
flying capacitors and power losses. Two new modulation techniques of
carrier-swapped PWM along with phase disposed and PS-PWM, were
analysed under the four performance metrics. In comparison with the
other three schemes, the PS-PWM stands out as the best in terms of
natural balancing capability for the inner flying capacitors, total
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harmonic distortion, and sub-module switch utilization, because the
bypass states of the FC-MMCC inner capacitors far exceed in number
their charge/discharge operating switch states. Also, among all the
PWM schemes investigated, the quarter cycle swapped carrier PWM
provides the lowest power losses because of its conduction and switch
transition periods.

. One of the significant contributions of this research work is the
development of a novel space vector modulation technique, the
overlapping hexagon space vector modulation method. Unlike the
conventional multilevel SVM scheme, this uses either multiple two-level
or three-level hexagons which are overlapped with each other. By
dividing the MMCC into multiple voltage tiers, it performs switching
state selection and duty ratio calculation per hexagon and per tier in
the same ways as when controlling a two-level three-phase H-bridge
or a three-level FC converter. The method avoids complicated
procedures when using a single multilevel hexagon and offers flexibility
and simplicity for controlling an MMCC with any number of chained
modules. The simulation and experimental test show that the
overlapping hexagon SVM provides superior performance and is
applicable for all MMCC sub-modules.

. For the FC-MMCC STATCOM, the author developed a method for
determining the rated value of the MMCC dc capacitor voltage through
phasor analysis and equations. This relationship highlighted the
influence of the filter size and cut-off frequencies on the rating of the
MMCC cluster dc voltage. An experimental closed loop system for
validating the use of FC-MMCC in reactive power compensation has
been developed, taking into consideration the choice of filter size,
voltage rating, and sub-module capacitors. The experimental and
simulation results agreed well.

. Another important contribution of the work is the analysis and
quantification of the operating ranges of both single star and delta
configured MMCCs for unbalanced load compensation. For the star-
connected case, an analytical expression has been derived showing

clearly the relationship between the zero sequence voltage magnitude
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and the level of load unbalance expressed in terms of negative to
positive sequence current. This shows that the level of unbalanced
current the SSBC can compensate without overloading its phase
voltage is around 0.6. Likewise, for the delta connection, an expression
for the zero sequence current with respect to the level of load
unbalance has also been derived, and shows that i, does not equal
infinity when k=1 but rather has a finite value unlike for v, under SSBC
case. Test results confirm that the influence of a high load unbalance
ki=0.7 is completely compensated.

6. To extend the operating capabilities of both configurations, the
research further investigated the application of third harmonic injection
technique. Simulation and experiment confirmed that the third
harmonic injection can allow a significant operating range extension
and reduced zero sequence current magnitude by 7.69% and 16.6%

compared to the sinusoidal zero sequence voltage and current.

At the time of writing, five published conference papers have been derived
from the work based on Chapters 3, 5 and 6. Three journal publications

are under considerations based on Chapters 3, 4 and 6.

7.2 Future Recommendation

The current research can be extended in further research which as

suggested below;

1. Investigation in this research was for unbalanced load operation
using both fundamental and third harmonic zero sequence
components for inter-cluster voltage balancing control. The use of
square wave, third harmonic square wave and optimum injection
techniques for extending the capability of the SSBC may further
enhance the viability of this converter topology.

2. Proportional resonant controllers can be implemented for both inter-
cluster balancing and current control loops in order to reduce control
complexity.

3. The FC-MMCC can also be validated for active filtering and reactive

power compensation under unbalanced load conditions.
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4. The overlapping hexagon SVM can be further implemented on the
FC-MMCC experimental rig to give a detailed comparison with
MMCC H-bridge sub-modules.

5. The overlapping hexagon SVM can further be modified to
implement the FC-MMCC STATCOM for unbalanced load
compensation.

6. Finally, two inter-cluster voltage balancing methods using zero
sequence components and negative sequence currents can be
applied to both configurations of star and delta MMCC operating
under unbalanced voltage condition. The two inter-cluster voltage
balancing control methods can be validated experimentally on the
FC-MMCC rig under this condition.
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Appendix A

The unbalance voltage vectors are given as;

" = {v} vy, = Vﬂ[sin(wzw“)}w{sin(—wzw*)} (A1)

cos(wt+¢™") cos(—wt +¢7")

Two rotating reference frames dq*’ and dq-’ having angular positions 6 and —
6 are considered where 6=wt occurs when the angle is perfectly detected by
the PLL. Equation (A.1) can be expressed in dqg*’ and dq-’ frames as;

P R B BT \7” | sing™ L |cos2et  —sin2et | sing™
qu = “ = _ H =+ N V +V . 2 y 2 ’ 2
v, v, vq cos¢™ sin2wt  cos2at | cos¢

DCterms ACterms
(A.2)
-1 — -l ~ -l . . c
oy v v sin cos2wt  sin2wt | sin
v, = d—l = d—l + d—l =V / +7 : ’
q v v v cosg™ —sin2wt cos2awt | cosg™
q q q
DCterms ACterms
(A.3)

Both equations clearly show that the AC terms in dg*’ and dq' axes result
from the DC terms in dg’ and dqg*’ axes respectively. These 2w
transformation matrices are represented as;

cos2mwt —sin2wt
T 2=\, [ = A4
[ % ] [ % ] Lin 20t cos2wt } (A4)

Therefore, (1.19) and (1.20) can be written as;

. (A.5)
Vaq l =qu 1+[qu Z]qu l
The estimated values at the DDSRF outputs are;
17 F \%

-[F] {vdq [Tdﬁ ]n;'}
[F]{LPF(S) 0 }

0  LPF(s)

Y

where
LPF(s) =

S+60f
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The block diagram of the DDSRF is shown below.

*

B [%H} Vg Vi ] :,qH
[ dq” |
Vos—4-9 —
L5
- [qu'{} v v [£] _:'q"

dq_'

Block diagram of the DDSRF [93]
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B.1: IGBT and diode thermal characteristics

Device | Thermal resistance KW
IGBT Junction to case RiJc 0.66
Case to heatsink RincH 0.7
) Junction to case RiJc 0.9
Diode

Case to heatsink RinchH 0.7

Heatsink RtnH 2

B.2: PD-PWM IGBT and diode Conduction loss

Carrier | Total IGBT conduction losses Total Diode conduction losses

freque (W) (W)
(ncy) Modulation index (ma) Modulation index (ma)
Hz

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9

750 | 15652 | 20.83 | 26.29 | 31.82 | 6.05 | 6.48 | 6.40 | 5.91

1500 | 15.52 | 20.82 | 26.29 | 31.82 | 6.05 | 6.48 | 6.40 | 5.91

3000 | 15.52 | 20.82 | 26.28 | 31.82 | 6.05 | 6.48 | 6.40 | 5.91

B3: PD-PWM IGBT and diode switching loss

Carrier Total IGBT switching losses Total Diode switching losses
frequenc (W) (W)
y (Hz)

Modulation index (ma) Modulation index (ma)

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9

750 0.050 | 0.058 | 0.065 | 0.070 | 0.014 | 0.016 | 0.02 | 0.018

1500 0.099 | 0.116 | 0.129 | 0.139 | 0.028 | 0.032 | 0.04 | 0.036

3000 0.2 | 0.232 | 0.258 | 0.276 | 0.057 | 0.064 | 0.07 | 0.072




B4: PD-PWM Inner flying capacitor power losses
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Carrier Flying Modulation Index (ma)
frequency(Hz) | Capacitor 06 0.7 08 09
Cat 4.075 4.821 5.172 4.998
750 Ca2 4.049 4.821 5.163 4.956
Cho1 0.392 0.314 0.278 0.301
Co2 0.389 0.302 0.280 0.257
Cat 4.050 4.818 5.152 4.970
Ca2 4.050 4.818 5.152 4.97
1500
Cho1 0.391 0.313 0.273 0.288
Co2 0.391 0.313 0.273 0.288
Cat 4.051 4.820 5.155 4973
Ca2 4.051 4.820 5.155 4973
3000
Cb1 0.390 0.311 0.270 0.285
Co2 0.390 0.311 0.270 0.285
B5: PD-PWM Total Losses
Carrier Modulation index (ma)
frequency (Hz
a y (H2) 0.6 0.7 0.8 0.9
750 30.52 37.64 43.62 48.33
1500 30.58 37.71 43.70 48.41
3000 30.71 37.85 43.87 48.59




B6: PD-PWM Sub-module Switch utilization
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Carrier switches Modulation Index (ma)
frequency(Hz) 06 07 0.8

Sat 0.112 0.348 0.687 1.129
750 Sa2 1.310 1.663 1.988 2.306
Sa3 0.112 0.348 0.688 1.113
Sa4 1.296 1.651 1.990 2.310
Sat 0.112 0.347 0.688 1.131
1500 Sao 1.296 1.650 1.988 2.306
Sa3 0.112 0.349 0.689 1.120
Saa 1.296 1.651 1.990 2.310
Sat 0.112 0.348 0.688 1.115
3000 S. 1.296 1.650 1.988 2.306
Sa3 0.111 0.347 0.687 1.116
Sas 1.296 1.651 1.990 2.311

B7: Quarter cycle rotation PWM IGBT and diode Conduction

loss

Carrier | Total IGBT conduction losses | Total Diode conduction losses

frequen (W) (W)

cy (Hz) Modulation index (ma) Modulation index (ma)

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9

750 12.48 | 16.85 | 21.82 | 27.30 | 5.34 | 5.87 |6.04 5.79
1500 |12.45| 16.83 | 21.86 | 27.32 | 5.34 | 587 | 6.04 | 5.79
3000 |12.45]| 16.83 | 21.83 | 27.32 | 5.34 5.87 | 6.04 | 5.80
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B8: Carrier cycle rotation PWM Conduction loss

Carrier | Total IGBT conduction losses (W) Total Diode conduction
freque losses (W)

ney Modulation index (ma) Modulation index (ma)
(Hz)

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9

750 13.91 | 18.34 | 23.14 | 2845 | 581 | 6.26 | 6.30 | 5.97
1500 | 13.95 | 1847 | 23.34 | 28.66 | 581 | 6.29 | 6.38 | 6.02
3000 | 13.95 | 18.48 | 23.35 | 28.67 | 5.81 | 6.30 | 6.36 | 6.02

B9: Quarter cycle rotation PWM Switching loss

Carrier Total IGBT switching losses | Total Diode switching losses
frequency (W) (W)
(Hz) Modulation index (ma) Modulation index (ma)
0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
750 0.046 | 0.055 | 0.054 | 0.062 | 0.012 | 0.015 | 0.014 | 0.015
1500 0.083 | 0.098 | 0.114 | 0.133 | 0.023 | 0.026 | 0.030 | 0.030
3000 0.160 | 0.188 | 0.220 | 0.255 | 0.044 | 0.051 | 0.059 | 0.067

B10: Carrier cycle rotation PWM Switching loss

Carrier Total IGBT switching losses Total Diode switching losses
frequenc (W) (W)
y (Hz) Modulation index (ma) Modulation index (ma)
0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
750 0.065 | 0.078 | 0.09 | 0.102 | 0.018 | 0.021 | 0.023 | 0.025
1500 | 0.133 | 0.156 | 0.179 | 0.206 | 0.037 | 0.042 | 0.047 | 0.053
3000 | 0.264 | 0.313 | 0.359 | 0.408 | 0.072 | 0.085 | 0.096 | 0.106




B11: Quarter cycle rotation PWM Flying Capacitor losses

232

Carrier Flying Modulation Index (ma)
frequency(Hz) | Capacitor 06 07 08 09

Cat 1.459 1.812 2.020 2.024

750 Ca2 1.462 1.812 2.014 2.017
Cho1 1.459 1.809 2.014 2.016
Co2 1.461 1.816 2.020 2.025
Ca1 1.460 1.810 2.019 2.019
Ca2 1.458 1.807 2.013 2.011

1500
Cho1 1.462 1.814 2.021 2.019
Chb2 1.464 1.817 2.026 2.027
Ca1 1.463 1.816 2.026 2.025
Ca2 1.461 1.812 2.020 2.017

3000
Cho1 1.461 1.812 2.020 2.019
Co2 1.463 1.815 2.026 2.027

B12: Carrier cycle rotation PWM Flying Capacitor losses

Carrier Flying Modulation Index (ma)
frequency(Hz) | Capacitor 06 07 08 09

Ca1 1.564 1.8879 | 2.0542 | 2.024

750 Ca2 1.567 1.9025 | 2.0533 | 1.9863
Cho1 1.561 1.8869 | 2.0517 | 2.0177
Chb2 1.564 1.8904 | 2.0519 | 2.0181
Cat 1.572 1.905 2.076 2.036
Ca2 1.572 1.906 2.076 2.036

1500
Cho1 1.573 1.907 2.080 2.042
Co2 1.573 1.907 2.080 2.042
Ca1 1.575 1.909 2.0824 | 2.043

Ca2

1.575 1.909 2.082 2.043
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Cor ‘ 1,575 ‘ 1.910 ‘ 2.083 ‘ 2.045
3000 Chb2 1.575 1.910 2.083 2.045
B13: Quarter cycle rotation PWM Total loss
Carrier Modulation index (ma)
frequency (M2) 1 46 0.7 0.8 0.9
750 23.72 30.04 35.99 41.25
1500 23.74 30.07 36.11 41.36
3000 23.84 30.19 36.25 41.53
B14: Carrier cycle rotation PWM Total loss
Carrier Modulation index (ma)
frequency (M2) 1 46 0.7 0.8 0.9
750 26.05 32.26 37.77 42.64
1500 26.22 32.58 38.23 43.10
3000 26.40 32.80 38.49 43.38

B15: Quarter fundamental cycle rotation method Sub-module
Switch utilization

Carrier switches Modulation Index (ma)
frequency(Hz) 0.6 0.7 0.8 0.9
Sat 0.518 0.680 0.976 1.328
750 Sa2 0.467 0.761 1.051 1.407
Sa3 1.067 1.370 1.691 2.021
Sa4 1.067 1.370 1.690 2.020
Sat 0.441 0.677 0.980 1.335
0.508 0.755 1.060 1.415
1500 Se2
Sas 1.065 1.368 1.691 2.021
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Sus 1065 | 1.368 | 1.690 | 2.019
Sai 0440 | 0678 | 0980 | 1.337
0508 | 0756 | 1.061 | 1.418
3000 Sa2
S.3 1065 | 1.367 | 1.690 | 2.020
Sus 1065 | 1.367 | 1689 | 2.019

B16: Carrier cycle rotation method Sub-module Switch

utilization
Carrier switches Modulation Index (ma)
frequency(Hz) 0.6 0.7 0.8 0.9
Sat 0.567 | 0.82874 | 1.1065 | 1.4491
750 Sa2 0.545 | 0.8019 | 1.1001 | 1.4595
Sa3 1.181 1.4772 | 1.7771 | 2.0969
Sa4 1.181 1.4772 | 1.7771 | 2.0970
Sat 0.560 0.816 1.118 1.466
1500 S.o 0.560 0.815 1.116 1.465
S.3 1.183 1.492 1.800 2.115
Saa 1.183 1.492 1.800 2.115
Sat 0.561 0.817 1.119 1.469
3000 Sao 0.561 0.818 1.119 1.470
Sas 1.183 1.492 1.800 2.115
Saa 1.183 1.492 1.800 2.115

B17: Phase shifted PWM Conduction loss

Carrier
frequency

Total IGBT conduction losses

(W)

Total Diode conduction

losses (W)

(Hz)

Modulation index (ma)

Modulation index (ma)

0.6

0.7

0.8

0.9

0.6

0.7

0.8

0.9
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750 1412 | 18.61 | 2342 | 28.75 | 588 | 6.35 | 6.39 6.05
1500 1412 | 18.62 | 23.44 | 28.75 | 589 | 6.35 | 6.40 6.05
3000 1412 | 18.62 | 23.44 | 28.75 | 5.89 | 6.35 | 6.40 6.05

B18: Phase shifted PWM Switching loss

Carrier Total IGBT switching losses | Total Diode switching losses
frequency (W) (W)
(Hz) Modulation index (ma) Modulation index (ma)
0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
750 0.179 | 0.209 | 0.242 | 0.274 | 0.049 | 0.056 | 0.064 | 0.071
1500 0.356 | 0.417 | 0.481 | 0.547 | 0.098 | 0.113 | 0.128 | 0.143
3000 0.712 | 0.833 | 0.961 | 1.093 | 0.197 | 0.227 | 0.257 | 0.286
B19: Phase shifted PWM Flying Capacitor losses
Carrier Flying Modulation Index (ma)
frequency(Hz) | Capacitor 06 07 08 0.9
Ca1 1.013 1.379 1.719 1.713
: 1.37 1.7 1.7
750 Ca2 1.013 379 00 53
Cho1 1.013 1.379 1.722 1.718
Co2 1.013 1.379 1.705 1.751
Ca1 1.014 1.380 1.712 1.737
Ca2 1.014 1.380 1.712 1.737
1500
Cho1 1.014 1.380 1.711 1.733
Co2 1.045 1.380 1.711 1.733
Cat 1.014 1.380 1.712 1.735
Ca2 1.014 1.380 1.712 1.735
3000
Cb1 1.014 1.380 1.712 1.735
Co2 1.014 1.380 1.712 1.735




B20: Phase shifted PWM Total loss

Carrier Modulation index (ma)
frequency (Hz) | 44 0.7 0.8 0.9
750 2428 | 3074 36.96 | 42.06
1500 24 .51 31.01 37.29 42.42
3000 2497 | 3155 37.90 | 43.11

B21: Phase shifted PWM Sub-module Switch utilization
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Carrier switches Modulation Index (ma)
frequency(Hz 0.6 07 08 0.9
)
Sai 0.881 1.164 1.462 1.793
250 Sa2 0.882 1.164 1.465 1.794
Sa3 0.882 1.164 1.462 1.793
Sa4 0.881 1.164 1.465 1.794
Sai 0.883 1.164 1.466 1.796
0.883 1.163 1.465 1.796
1500 Sa2
Sa3 0.883 1.163 1.466 1.796
Sus 0.883 1.164 1.465 1.796
Sai 0.883 1.164 1.465 1.796
0.883 1.163 1.465 1.796
3000 Sa2
Sa3 0.883 1.164 1.465 1.796
Sus 0.883 1.164 1.465 1.796




B22: Comparison of PWM Schemes
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PWM Natural bal. Sub-
Schemes | capability/voltage Power THD module
deviation losses switch
utilization
PS-PWM 4 3 4 4
Carrier
3 2 3 4
PWM
arter
Qu 2 4 2 2
PWM

PD-PWM
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Appendix C

C.1 Matlab Code for Case Study
thetai = 60:1:90;

thetai_rad = (thetai/180)*pi;
theta= (30/180)*pi;

Vpce = 1;

Isreal =1*cos(-theta);

Isimag =1*sin(-theta);

Icimag = -Isimag;

Icreal = Icimag./tan(thetai_rad);
Icmag = sqrt(lcreal.*2+Icimag”2);
Zmag = 0.1;

for kc = 0.5 %limited to 10 max
thetaz = atan(kc);

thetaz_deg = (thetaz/pi)*180;
Vzmag = Icmag*Zmag;

thetavz= -thetai_rad+thetaz;
thetavz_deg = (thetavz/pi)*180;
b=Vzmag.*cos(thetavz);

Vdc1= sqgrt(Vpcc.A2+2*Vpcce.*Vzmag.*cos(thetavz)+Vzmag.*2);

con_angle=
atan((lcmag.*Zmag.*sin(thetavz))/(1+lcmag.*Zmag.*sin(thetavz)));

con_angle_deg = (con_angle/pi)*180;

Rconv = (Vpcc.*lcmag.*sin(thetai_rad));

Pconv = (Vpcc.*Icmag.*cos(thetai_rad));

end

figure(1);
plot(thetai,Vdc1,thetai,Vdc2,thetai,Vdc3,thetai,Vdc4);

C.2 Matlab Code for Case Study Capacitor Voltage Ripple
thetai =60:0.1:90;

thetai_radian = (thetai/180)*pi;
angle_Vpp=0;

theta= (30/180)*pi;

Vpcc = 230;
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Isreal =10*cos(-theta);
Isimag =10*sin(-theta);

Icimag = -Isimag;
Icreal = Icimag./tan(thetai_radian);

Icmag = sqrt(lcreal.*2+Icimag”2);
% Icmag = 1;
for kc = 0.05 %limited to 10 max

w=2*pi*50;
thetaz = atan(kc);
kk=23;

Zmag = 0.1%Kkk;

Csm=0.25"1.12e-3;

Vzmag = Icmag*Zmag;

thetavz= -thetai_radian+thetaz;
thetavz_deg = (thetavz/pi)*180;
time=[];

con_ang=[];

Vsssi=[];

thetasss=[];

Rc= sqrt((Zmag.?2)./(1+ (kc)*2));
t0=0;

Lc=(kc*Rc)/w;

N=1;

Vdc= sqgrt(Vpcc.A2+2*Vpcce.*Vzmag.*cos(thetavz)+Vzmag.*2);
Vc_i=0.85*Vdc;

con_angle= atan((lcmag.*Zmag.*sin(-
thetai_radian+thetaz))/(1+lcmag.*Zmag.*sin(-thetai_radian+thetaz)));

con_angledeg=(con_angle/pi)*180;
con_ang=[con_ang con_angle];
t=0.02;



- 240 -

g= cos(con_angle - thetai_radian).*(t);

y=(1/(2*w)).*(sin(2*w*t +con_angle + thetai_radian ) - sin(con_angle +
thetai_radian));

r=(Vc_i.*lcmag)./Csm;
rr=r.*(q -y),

Vsm_i =sqrt((300).22 + rr);
Vssm=Vsm_i./(300);
Vzz=-r.*(q - y);

time=[time {];
thetasss=[thetasss thetai];
Vsssi= [Vsssi Vssm];

end

figure(2);

plot(thetasss,Vsssi,thetasss,Vsssi1,thetasss,Vsssi2,thetasss,Vsssi3);

C.3 Clarke’s and Park’s Transformation
For three-phase symmetrical and balanced quantities like voltage v, having

magnitude V, frequency f, angular velocity w=21f and phase angle 6=0. When
defined in its stationary 3-phase abc reference frames:

v, ()=V sin(@t+0), v, (1) =V sin(wt + 6 —23”) v (t) =V sin(ot + 0 + 23”)

Clarke’s transformation gives a representation of three-phase voltage vector
in a stationary two-dimensional (a-B) reference frame. The matrix
representation for the power invariant Clarke’s transformation is defined by
equations (C3.1)-(C3.3)

. L 7
Ve —\El 2 2 ||y where (C3.1)
o] V3|, 3 312 |
2 2 L%
- 2(s 15 1
V, ==V, —=V,-=V.,
P 3(a > b 2cj and (C3.2)
. 2( 3~ 3-
= 2y Ny
) 3( ST J (c3.3)

The inverse matrix representation for the power invariant Clarke’s
transformation is shown as;
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1
NI

} (C3.4)

|
. vl

IR
Il
|
o

I
[\
>|

The% factor is a normalising factor that ensures the Clarke’s transformation

2
is a unit circle (i.e. 1.5 to 1 p.u.) and the square root \/;ensures that this is

kept when power is considered (power circle normalised to 1 pu)

ie. \/?Vx\/? = gP_
3 3 3

The stationary a-B reference frame is further transformed into a d-qg frame
rotating synchronous with a chosen reference frame at the angular frequency
@ . The matrix for transforming a-B to d-q using the power invariant form of
Park’s transformation is given below as;

v, 2 cosf —sinf Va C3.5

v, V3 |sin® cosd Vﬁ (C35)
v, :\/g (Va cosQ—VB sin9) (C3.6)
v, :\/g (Va sinf + Vﬁ cos@ ) (C3.7)
where 0=

The inverse matrix for the power invariant Park’s transformation is given as;
v, 2| cos® sind ||V, cag
Vﬁ V3 |—sind cosd v, (C3.8)

Equation (C3.5) can further be simplified using (C3.1) having a direct abc to
d-q transformation as;

cosf —lc050+£sin9 —lcos0+£sin9
|:Vd:|_ 2 2 2 2 2

IS

” z

3
1 sinf - lsin9+£cos9 —lsin9+£cos9
2 2 2 2

o

(C3.9)
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sin(@ iz?ﬂj:—%sine igcose
(C3.10)

cos(@iz—ﬂj:—lcosé’iﬁsine
3 2 2

Substituting (C1.10) into (C1.9) results in;

|:Vd:|_\/z cos O cos(@—%[j cos(9+2Tﬂj
Yol V3| sine sin(@—zTﬂj sin(9+2Tﬂj

(C3.11)

NN

Figure below shows the stationary three-phase voltage and its
representations in a-8 and d-q reference frames through Park’s and Clarke’s
Transformation.

Caxis Saxis

Park’s and Clarke’s Transformation

Derivation of Decoupling Operator (e’?)

Serxis

= &‘ax 5 oINS

Park’s Transformation

Figure 2.3 shows a voltage vector in d-q reference frame. The phase angle 6
is the displacement or phase shift between this voltage vector and the
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synchronous reference frame and based on the arrow indicated direction of

rotation it is a lagging phase angle. The voltage vector in a-8 and d-q forms
could be written as complex quantities V, +jV,; and V,+ jV, respectively.

Assuming unity magnitude we have

V, =sinot and V, =cosot then Park’s transformation matrix can be re-

written as;
V . .
a|_ 2| sin 0 c9s0 sin ot (C3.12)
v, 3 |—cos@ sin6 ||coswt
: 2 -
Neglecting the \/;normallsmg factor
% . . . B
a|_ sin 0 C?SQ sin ot _ sin( ot — 0) (C3.13)
v, —cosf sinf || coswt cos(wt —0)
The park’s transformation can be expressed in term of an operator e’
V, + jV, =|operator |x(V, + jV) (C3.14)

Solving for [operator] in (C1.14) yields;

Va+JV, sin(ot—0)+ jcos(wt —0)
Ve + 7V, sin ot + j cos wt

[operator | =

= (sin(wt — 0) + j cos(wt — 0))(sin wt — j cos i) (C3.15)

=cosf + jsin@ =e’’

Therefore, the relationship between d-q and a-B can be expressed as;

Vit jV,=e" x(V, +jV,) (C3.16)

C.4 Converter Voltage transformation from abc to d-q
The relationship between the converter STATCOM and PCC is defined as;

diC (abc)
dt

VPCC{abc) = C(abc) +iC(abc)Rf +Lf (C41)

Where Rfr and Ly are the filtering resistance and inductance coupling the
converter to PCC.

Transforming from stationary abc into a-B reference frame, the voltage drop
across the filter is a function of the converter current. The voltage across the
filter can be calculated in a-B reference frame using conventional circuit theory
along with the equations for the drop across resistors and inductors as
function of the current flowing through them as;
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dicup)
dt

%

rap) = lcap Ry Ly

(C4.2)

Transforming from a-B voltage and current vectors into rotating d-q reference
frame vectors;

de i
-j6 R C(dq)
e Vi =€ VicupRy + Ly r
1 (C4.3)
Vi = icw R, +eL, .
rdg) = Leg Loy 1
dt
—j6 -
de Ictdg)

The derivative term eﬂ’Lf can be simplified using product rule,

Recall i(v,u) v Y and 6= o
dt dt dt

—jat éj — dicdq du .

wherev=i , u=e’", ,—=—jwe ™ C4.4
«da a drdt (4.4
de i , di
— U= jwe i, +e —;" (C4.5)
Substituting (C4.5) into (C4.3) gives;
i diqu . .
Veg =lcag Ry + Ly — L iy, (C4.6)

The definition of voltage and current vectors are given as;

Vigg =Via TV i3k g =lca Heg (C4.7)

The converter voltage is expressed in terms of both PCC voltage and voltage
drop across converter filter in d-q frame as;

. di .
Vea =Vapce —lica-R; —Lff—a)L_ i

0 (C4.8)
l
Vee =Vypee —ic,R; =L, 7‘? + 0L ig,

The equation above is used in calculating the appropriate inverter voltage to
generate the desired compensation currents.
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C.5: Unit power cell card PCB design and Manufactured PCB
[35]

Comparators

Digital /O Analogue
EETLI Modu |l a .
- S FPower
s &, (= . Supply
Aok SN
SEERS SRR
D 5
Gate
5-R Driver
Latch

HV .
Resistors ™ -
VIN - Ijr _ vV ouT
IGBT
Flying
Capacitors Shunt
Resistor
DC Voltage Opto- DC-DC Current

Sensing Isolator Converter Sensing
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FCHMI
Caell Module o

o UL
“I‘I el WESRE

C.6: IGBT characteristics and Capacitor characteristics

Parameter Value
Maximum collector-emitter voltage V. 600 V
Maximum DC collector current /. 30 A
Short-circuit collector 74 275 A
Short-circuit withstand time 7. 5 us
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Collector-emitter saturation voltage V., 1.5-19V
Gate-emitter threshold voltage VGE(T,,) 41-57V
Total turn-on time 7,, 44 — 50 ns
Total turn-off time ¢, 300 -382ns
Parameter Value
Capacitance 560 uF = 20%
Maximum working voltage 400 Vbc
Maximum surge voltage 450 Vbc
Maximum RMS ripple current (120 Hz) 5.52A
Maximum RMS ripple current (10 kHz) 7.70 A
Lifetime 3000h

C.7: Gate Drive Circuit and Fibre Optic Transmitter, Receiver
Circuit Diagram [35]

Rieo | DESAT
PWM —» [ | : e
i Roesar  Doesat
5V W | e e 15V
; w _/"J
R | > CATE :I—"—WGBT
Desat. : E CLAMP Re b
Fault = = L_E_} 4/5
] . .
GND ’ _Lov
— ACPL-332J
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+
a
ZL

:;ifmF
S HFBR-EUS100Z

Data ! o 5 Fibre Optic Cable ‘—_-_Dat:
HFBR-1521Z HFBR-2531Z

o : -
Transmitter Receiver

C.8: Voltage and Current Transducer Circuit [35]

R1

+HT——
—HT—} g n
o +VcC

o+VC

S To 1] b o
M@:oov

T_ o-VcC

C.9: Actel ProASIC FPGA board layout [35]
(a) Actel ProASIC Il FPGA Chip for data processing
(b) Three Phillips LVC16245A bidirectional buffers
(c) One Phillips 74LVC245A bidirectional buffers
(d) 26 pin 1/0O Header connectors
(e) Fault monitor display LED
(f) 10-way programming connector for Flash Pro 4
(g) Burden resistors for A/D converter at 5V voltage range
(h) 4-way header connector for Set/Reset Enable under faults
(i) 25-way D-Sub connector for input A/D signals
(i) 10 LTC 1407A-1 Analogue to Digital converters.
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Appendix D

D1:Zero sequence Component derivation
The three phase zero sequence active powers across each cluster of the
SSBC-MMCC based on (6.10) is expressed as;

1

P =—(2V,1, cos(p, —p,) =2V, 1, cos(p, +,.))

4 ol
P - 1(— V,1,cos(p, —¢,)— V3V, 1, sin(gp, — ®,)+V,1,cos(p, +¢, )J (D1.1)
4 =3, 1,sin(p, +9,,)
b1 [— V,1,co8(p, —9,)+N3V,1,sin(p, —p,)+V,I,cos(p, +, )}
“ 4 + \EVOIH sin(p, +¢,,)

The three phase zero sequence active powers across each cluster of the
SDBC-MMCC based on (6.11) is expressed as;

1 ( 3Vp10 cos((pvp -0,) —\@Vplo sin((ovp -¢,) =3V I cos(p,, +o, )}
"4

+ \/gVn]r) Sin(q)vn + (Da)
1 . .
Pm = Z(z\/ng]() Sln(q)vp _goo) _2\/31/1110 Sln((ovn +g0() )) (D1 2)

1| — 3Vp10 Cos(q)vp - q)u) - \/ngIa Sin(q)vp -, ) + 3I/I1Iu Cos(q)vn + ¢())
T4 +3V,1, sin(@,, +¢,)

Both (D1.1) and (D1.2) are simplified as;

21, cosg, 21, sing,,
I,(—=cosg, +¥3sing,) I,(-sing, —\/gcosqoip)
I, (—cos ®, - \/3 sin (pip) 1, (—sin @, + 3 cos gol.p) _VO cosQ,

- 21, cosg,, 21, sing, |V, sing,

+|1,(cosp, — J3sin ®,) 1, (-sing, — 3 cos ®,)
I (cosq, +~/3sing,) I (—sing, ++/3cose, )

o
PCa

o3

Il
o=
L 1

0
PCC

(D1.3)
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v, (\/g cosQ,, —singQ, )
2V, sing,,

8 (—\/5 cosQ,, +sing, )
+ -2V sing,,

v, (\/g sing,, +cosQ,,)
=2V, coso,,

v, (_ﬁ cosp,, —sing, ) V, (—\/5 sing,, +cosQ, )

Vn (\/g Sin (pvn + COS qo\/}’l )
=2V coso,,

V,(—3cosg,, +sing,) V,(—/3sing,, +cosg,,)

(1, cosop,
| 1,sing,

(D1.4)

(D1.3) and (D1.4) are transformed into a-B cluster power forms as;

e,
Py

1 -= || Fa
_2 2 2| po
3 NERRRVER i
0 —— | p°

L 2 2 Cc

31,cos,

Ip cosQ,, — I, cosg,

1 31,sing, } {— 31, cosg,,
J— X +
6\|—3/,sing, 31, cosg,

3111 Sin (pin

31, sing, ||V, cosp,
31, coso,

i V. sing,

_Au

A12

1 I,sing, +1, sing, |V, cosQ, |
2|—1,sing, +1,sing, [, 6cosep, +1, cosep,

V. sing, |

1 V. cose,
2 _A21 A, |V, sing,

where:

A4, = (Ip cosQ,, -1, cosg,)
A, = (Ip sin ¢, +1, sing,,)
A4, = (—Ip sin @, +1, sing,,)
A, = (Ip cos,, + I, cosg,)

Likewise the zero sequence current is given by:

(D1.5)

(D1.6)
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1 1

_Z _2\ P

r 2|t T2 o
Pyl 3 NERVEN e
cp 0 - Po
2 2 Ceca

v, (/3 cos @, —sing, ) V, (+/3sin ®,, +CosQ,,)
BV, (Bsing,, —cosp,) V,(N3cosp, —sing,)| [1, cos %}

! L V= —3cosp,, +sing,,) V,(3sing,, +cosp,,) Lasingoa
v, (\B singp,, +cosp,) V, (\E cose,, —sing, )

I [(\B(Vp cosg,, —V, cos (pvn)] { (V,cose,, +V, cosp,,) J_

3 +(=V,sing,, +V, sing,) + \B(Vp sing,, +V,sing,,) ||| I,cose,
4 (=V,cosp,, +V,cosp,) (\B(Vp cosg,, +V,cosp,,) I,sing,
+ \E(—Vp sing,, +V,sing,,) -V, singp,, +V,sing,,)

_J3[B, B, |[1,cos9,
4 1B, B,| 1, sing,

B, = J3 (Vp cosg,, —V, cosp,, )+ (—V singovp +V sing, )
B,=(,cosp,+V,cosp,)+ \B(V sing,, +V,sing,,)
B, = (—Vp cosop,, +V, cos@,,)+ \B (—Vp sm(pvp +V sing,,)

(D1.7)

(D1.8)
BZZ = \/E(Vp COS(p‘,p + Vn COS(le) - (Vp Sin(p"l’ + V Sln(p"”)

The zero sequence voltage and current can then be expressed as:
_V cosp, | 2 4, -4, || F, (D1.9)
|V, sing, 12 ID| -4, A, | P

(1, cosp, L 1By -By R, (D1.10)
| L,sing, | 3077 -V)|-B, B, |Fy
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D2: Positive and Negative Sequence Decoupling Operator
Derivation

Baxis

- &‘ (IXis CE XIS

Park’s Transformation

Figure above shows a voltage vector in d-q reference frame. The phase angle
0 is the displacement or phase shift between this voltage vector and the
synchronous reference frame and based on the arrow indicated direction of
rotation it is a lagging phase angle. The voltage vector in a-8 and d-q forms
could be written as complex quantities V, + jV, and V, + jV, respectively.

Assuming unity magnitude we have;
V* =sinwt and V' =coswt then Park’s transformation matrix for positive

a B

sequence voltage components can be re-written as;

Vd: _ 2 C?SQ —sin@ | | sinwt (D2.1)
4 3 |sin@ cosO ||coswt
: 2 .

Neglecting the \/;normallsmg factor
Vd: _ Cf)S@ —sin@ | | sin ot _ sin(wt — 0) (D2.2)
Vq sinf cos@ ||coswt cos(wt —0)

The park’s transformation can be expressed in term of an operator e/’
V' +qu+ = [operator]x(V: +jVﬁ+) (D2.3)

Solving for [operator] in (D.3) yields;
v’ +jV: _sin(wt —0)+ jcos(wt—0)
Vi+iv; sinwt + jcoswt

[operator] =
= (sin(wt —0) + jcos(wt —O))(sinwt — j cos wt) (D2.4)
=cosO + jsin@ =e’’

Therefore, the relationship between positive sequence d-q and a-B can be

expressed as;
Ve +qu* =/’ x((V” +jVﬁ*) (D2.5)



- 254 -

This is only valid for positive sequence component of the d-q vector. The
negative sequence component of the d-q vector rotates in the opposite
direction to the positive sequence components. For this reason, the direction
of the park’s transformation must be reversed.

V.| | cos@ sinf ||sin(-or)| | sin(-of+0) (D2.6)
Vq_ ~ |=sin6® cosO cos(—wt) - cos(—wt +0) '
The park’s transformation can be expressed in term of an operator e/’
Vo+jV = [opemtor]x(Va_ +jVﬁ") (D2.7)

Solving for [operator] in (D.7) yields;

v+ jV: _sin(~wt +0)+ jcos(—wt +0)

Vit V; sin(—wt) + j cos(—wt)

= (sin(—wt + 0) + j cos(—wt + 0))(sin(—wt) — j cos(—wt)) (D2.8)

=cosf— jsin@=e’’

[operator] =

Therefore, the relationship between negative sequence d-q and a- can be

expressed as;
Vo+jv = e x (V- + V) (D2.9)

D3: Converter Voltage transformation from abc to d-q
The relationship between the converter STATCOM and PCC is defined as;

14 =V +ip R, +L iciare (D3.1)
PCC(abe) — ¥ C(abe) T tc(abe)™f s dt )

Where Rf and Lr are the filtering resistance and inductance coupling the
converter to PCC.

Transforming from stationary abc into a-B positive and negative sequence
reference frames, the voltage drop across the filter is a function of the
converter current. The voltage across the filter can be calculated in a-f8
reference frame using conventional circuit theory along with the equations for
the drop across resistors and inductors as function of the current flowing
through them as;

.t

Vo ooit R 4L,

f(ap) cp)” S f
dd’ (D3.2)
V- =i" R.+L —ZC(W
£(ap) capy S dt

Transforming from a-B voltage and current vectors into rotating d-q reference
frame vectors;



- 255 -

‘ , de %"
eVt =0t +L, ———9
f(dq) C(dq) f f dt
o (D3.3)
+ _ e+ Jjo C(dg)
Vf(dq) - lC(dq)Rf +e Lf dt
jO .-
Py =e’iT R, +1L L e
f(dq) cupy f dt
o (D3.4)
_ .- —-jo C(dq)
qu) = lwq)Rf +e "L, —dt
ot e’’i”
The derivative terms efgLf%and e’-"eL/Tt"“’“> can be simplified
using product rule,
d d d
Recall —(vau)= v 0 and =t
dt dt dt
fel .+ —jot dv di:z—iq du . —jot
for positive sequencev=i" ,u=e’",—= ,—— =—jwe
de " ™i" o dit
therefore, —— =—jowe/i* +e/" 1
dt e dt
. — jot dV dic_ziq du . Jjot
for negative sequence v=i ,u=e’",—= ,— = jwe
de’”i” _di”
therefore, U= jwe’™iT +el”
ol dt
Substituting (D3.5) and (D3.6) into (D3.3) and (D3.4) respectively, gives;
d .+
Vqu LR+ L— d —joL i’ o
(D3.7)
V- R+ L lt L
+L,——+joL, i
Cdg dt ] f Cdg
The definition of voltage and current vectors are given as;
vi =yt vt =it 4+ v =V o4y i =0 40 (D3.8)
fdgq fd fa = Jdgq cd Cq fdq fd Ja fdgq cd Cq

The converter voltage is expressed in terms of both PCC voltage and voltage
drop across converter filter in d-q frames as;
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-t

yr=y" i’ R, —L,—=-oL, i’

cd d PCC C dt Cq

di’

V+ — V+ . Cq

Cq q PCC Cq dt

. (D3.9)

V- =V —-i R,

cd d PCC cd S dt Cq
Vo=V a,

= -1 .
Cq q PCC Cq f dt

The equation above is used in calculating the appropriate converter voltages
to generate the desired compensation currents.

D4:Zero sequence Component Simplification for Unbalanced
Load Analysis

The three phase zero sequence active powers across each cluster of the
SSBC and SDBC-MMCC are expressed as;

) 1
P, =P, + Z(2Vp1 . cos(p,, + ¢, ))

0 1 :
PCb = PCh - Z (VpIn COS((DV[) + (Din ) + \/ngln Sln((ovp + (pm )) (D41 )
. 1
P = 4 (Vp]n COS((p\p + (pzn) \/7 pn Sln((/)vp + (pin ))
. 1 .
PCab PCab - Z (_ Vpln COS((pvp + (pin ) + \/ngln Sln((pvp + (pin ))
(D4.2)

Peye = Fope = i(ﬂ/pl ,cos(p,, +0,,))
P = Preea = i( V,1,cos(p,, +9,)=~3V,1,sin(p, +<P,-n))
The positive sequence PCC voltage phase angle is set as reference; therefore
¢@vw=0. Equation (D4.1) and (D4.2) are simplified as;
P =P, + i(szln cos(,))
Py = By = V1, cos0,) 437, 1, sin(p, ) (D4.3)

P = i(V 1, cos(p,,) pr]n sin(e,,) )

p
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0 1 .
PCab = PCab - Z(_ VpIn COS((DM ) + \/ngIn Sln((pin ))

o 1
PCbc = PCbc - Z(szIn Cos((pin )) (D4.4)
P, =P —1(—1/1 (0,)—~3V I sin( ))

Cca — * Cea 4 pin €os (pin pin sin (pin

(D4.3) and (D4.4) are transformed into a-8 cluster power forms as;

o 1 i i P()a
F,|_2 2 2| po
Pl 3 V3B

Cﬁ O —_— —_— P()

2 2 Ce

1 3
2 Fe, _E(PCI; +PCC)+ZVpIn cos(¢,,)

BEIRRE] 3.
T(PCC _PCb) +ZVpIn Sln(qoin)
(D4.5)
1 1 0
0 1 - - F a
PCO{ :g 2 2 Pib
Pyl 3|, V3 BT
e i
1 3 W3
_ 2 PCab _E(PCbc + PCca) +§Vp1n COS((pin)_TVp]n Sln(@in)
T3 4B 33 3.
T(PCCLI _PCbc) +TVp1n COS((DM)-’_ ng‘In Sln((pin)
(D4.6)

Assuming there are no losses in the converters, Pca= Pcy = Pcc Pcab= Pcbc =
Pcca =0, (D4.5) and (D4.6) become;

_PC(')a | _ l _Vpln COS(ng-n) (D4 7)
_P(,?ﬁ a 2 _Vpln Sin(q)in) .
P 1[V,1,(cosp, —\Bsing,) (D4.8)
_PC(')ﬁ i 4 Vpln (\/5 COsS q)in + Sin (pin) .

Putting (D4.7) into (D1.5) and (D4.8) into (D1.6);
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l{Vpln cos(,, )} _ 1 { I,cosp, =1, cosp, I, sing, +1, sing, }{VO cosgoo}

2|V, 1, sin(p,) | 2|—1,sing, +1 sing, [, cosp, +1, cose, |V, sing,

{VO cos goo} 1 [Vpln cos(,, )}[ I1,cosp, —1,cosp, I sing,+I,sing, }1
4

V, sing, - V,1,sin(p,) | —1,singp, +1, sing, I, ,cosp, +1, cose,

. . 2 2
— Vp[n [Ip (COS (pip COS(pin —Sin (p[p sin (pin ) + In (COS (pin —Ssin (p[n )j|

I’-1%| I,(sing, cosg, +cosg, sing,)—21I, sing, cosg,
_ W, [Ip cos(@,, +¢,,)+1, cos 2(/’1-”}
[j _]f IPSIH(q)ipJ'—(Din)_InSlnz(Din
(D4.9)
1 {Vp[” (cosg,, — /3 sin 0, ):l B V3 {\BVP cosp,, V,cosp, }{10 Ccos goo}
4\v,1, (V3 cosg, +sing,) 4 | -V, cosop, \BVp cose,, | 1,sing,
-1 .
{10 cos (pa} _ 1{@% v, } {Vpln (cosg, — /3 5sin 0, )}
[0 Sln(po \/§ _Vp \/ng Vpln (\/gcoswin +Sin(pin) (D4.10)

_ sz I” (\/g cos (pin —3sin (pin - \/5 cos (pin —sin (Din )
4\61/: (cos, —~/3sing, +3cosp, ++/3sing,)

I, —sing,,
- \/§ Cos (Din

The zero sequence voltage and current magnitudes and phase angles are:

V _ Vp]n 1127 (COS2 ((pip + (pin) + Sinz ((pip + (pin )) + 15 (0082 (2’(pm) + Sin2 (2(pin ))
’ 112, ~1; +21,1,(cos(p,, +@,,)cos2¢, —sin(p,, +¢,)sin2¢p, )
v
= 12%’ ’}2 \/(Iz +17 +21,1, cos(p,, +3p,,)
P A

‘{ I, sin(p,, +¢,)—1,sin2¢p, J
@, = arcta
Ip COS((pip + (pin) + In Cosz(pin

(D4.11)
I
I =-2./cos’ @ +sin’ .
0 \/g\/ (Dm (Dm
— ]”
V3
0, = arctan{— COS%’J (D4.12)
smo,,

= arctan(— coty,, )
= 900 + q)in



