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Chapter 1

Introduction

The increasing requirements of the modern lifestyle when it comes to the power quality have been
the main reason of the wide usage of Flexible AC Transmission Systems (FACTS).
Apart from that, the growth of FACTS market can be at-
tributed to factors such as the growing markets of elec-
- tric utility and renewable systems as well as the on-
growing demand for energy savings and maximum en-

ergy efficiency in a world that relies more and more on

electricity [4]. The FACTS market share is split between

I |
13 16 2017 2018 200

FIGURE 1.1: Global Facts Market [1].

big power system companies like ABB, General Electric,

Siemens, Alstom and Mitsubishi to mention just a few.
In fact, the market share is growing with increasing ra-
tio and it is expected to surpass the $1.000M landmark,

before 2020, as can be depicted on the figure on the left hand side [1].

1.1 Why STATCOM Technology?

The great majority of the loads that are used in real world applications are inductive and it is
rather unlikely that the utility grid will be presenting a unity power factor if no action is taken.
Inductive and capacitive loads absorb or produce reactive power respectively. Reactive power
needs to be compensated since its presence increases the conduction losses of a given system

without increasing the active power and usually leads to poor voltage regulation.
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Thyristor based reactive compensation is a technology that is used in utility grids since the 1970s.
The basic principle of these devices is the control of the susceptance of the reactor by controlling
the firing angle of the thyristors. This type of reactive power compensation is commonly known as
static VAR compensator (SVC) and finds many applications in modern power grids due to its fast
response and high performance [5]. Usually, a capacitor bank comprised by multiple capacitors
is used along with a thyristor bridge. Combining multiple capacitor banks gives an extra flexibility
to control the inserted reactive power in steps, therefore ensuring a smoother performance. The
technology is commonly referred to as Thyristor Switched Capacitor (TSC). If there is a need to
compensate a capacitive load, then instead of a capacitor bank, a reactor bank is used, but the
operating principle remains the same. This setup is usually referred to as Thyristor Controlled

Reactors (TCR) [6].

The development of Voltage Source Converters (VSC) signified the beginning of a new era for the
power grid. VSC technology became a basic part of FACTS and found its application on reactive
power compensation with the emergence of the STATic synchronous COMpensator (STATCOM),
initially introduced in the nineties [7]. STATCOM became immediately one of the most represen-
tative members of FACTS family as its technology is widely used in modern power grids due to its
excellent dynamic performance, fast response time, design flexibility and small footprint due to

the small number of needed passive components.

1.2 Why Multilevel Converter Technology?

In addition to the above, medium and high voltage grid applications, require the use of power
devices with a high blocking voltage rating. Silicon technology however seems to have reached its
full potential regarding voltage rating, with the highest available rating for a Si IGBT on the market
being 6.5 kV. SiC devices promise higher blocking voltages due to superior material properties in
comparison to conventional Si devices but at present their technology is relatively immature and
they are not expected to substitute their Si counterparts in the near future, at least for large scale

applications [8].

One popular solution that was adopted in the previous decades was the connection of a trans-
former in the output of the converter in order to scale up the voltage before connecting it to the
grid. However these transformers are usually bulky and expensive, making their use unattractive

(3].
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Another attractive solution could be the series connection of power devices. The series connected
devices would ideally share the total voltage between them and the total voltage rating of the setup
could be increased. However, the unavoidable differences between the intrinsic parameters of the
power devices cause voltage imbalances and therefore lead to reliability issues. The problem can
be solved with various auxiliary circuits that slow down the switching transients but this would

increase the cost of the setup along with decreasing its efficiency [9].

In addition to the aforementioned problem, modern power grid codes and regulations have be-
come stricter over the past years regarding % T HD and power quality requirements [5]. Conse-
quently, the adoption of multilevel converters appears as the most promising solution since these
topologies can produce an AC voltage that increases with increased number of levels while reduc-

ing the harmonic injection without increasing the voltage rating of the power devices [10].

Two of the most widely discussed multilevel topologies in literature are the Diode Clamped Multi-
level Inverter (DCMLI), which is also called Neutral Point Clamped Converter (NPC) when only 3
levels are used, and the Flying Capacitor Multilevel Inverter. Both of these topologies are capable
of producing high quality AC waveforms [11]. An analytic comparison can be found in [12]. A

short description of these topologies can be found in Appendix A.

Among the multilevel converter topologies used in FACTS, the Modular Multilevel Converter (MMC)
has been the most promising and encountered a huge amount of focus by researchers due to
its superior properties. This topology offers excellent harmonic performance and combines low

switching frequencies with high reliability, modularity and design flexibility [13].

Firstly, due to the high quality output AC voltage, the MMC is usually associated with the absence
of low order passive filters. These filters are usually bulky and their performance often depend
on the operating conditions and the impedance of the network, making their design challenging.
Moreover, the MMC topology offers the possibility to the manufacturer to extend the topology
according to the needs of the customer. This modularity is a unique characteristic that in the long
run results in reduced production cost [5]. In addition, the MMC can effectively switch with a
lower frequency, even with fundamental frequency, resulting in reduced switching losses. The use
of low frequency in this case compromises neither the dynamic performance of the system nor
the final output waveform since the effective switching frequency (switching frequency seen at

the AC waveform) is directly proportional to the number of levels used.

Moving on, the MMC family is usually classified in four different configurations described thor-

oughly in [13]:
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= Single Star Full-Bridge (SS-FB)
= Single Delta Full-Bridge (SD-FB)
= Double Star Half-Bridge (DS-HB)

= Double Star Full-Bridge (DS-FB)

This report focuses on the Double Star Half-Bridge configuration. A small discussion along with
the relevant schematics of all the configurations can be found in Appendix A. The importance of
the DS-HB and its attractiveness from a performance as well as from an economic point of view, in
alarge scale STATCOM application over the widely used SD-FB has been highlighted in a complete

study that can be found in Publication A.

1.3 Thesis Objectives

In this M.Sc Thesis report, the focus is laid on the theoretical design and implementation of an
advanced and complete control system aimed for the reliable operation of the MMC under inter-
nal and external unbalanced conditions in a STATCOM application. The designed control system

is initially tested with simulations and finally with extensive experiments.

Moreover, the capability of the configuration to mitigate voltage sags and fault conditions that
generally arise from the AC side should be investigated and the proposal of a preferred injection
strategy for the application is intended. However fault conditions will not be tested in the ex-
perimental setup. Finally, the MMC'’s capability to mitigate higher harmonic components and
compensate by a proper injection strategy should also be investigated through simulations and

experiments.

1.4 Limitations

In the experimental part of the conducted work, certain limitations were involved. A newly devel-
oped, small scale MMC setup was used for the first time in Aalborg University. The reliability of
the setup at its initial development stage was relatively low and faults usually occurred. To ensure
safety, the prototype was used at a power level equal to half of its rated power. Apart from that,
the initial unavailability of the setup did not permit the study of fault conditions on the AC side,

in time.
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1.5 Main Contributions

The original contributions of the Thesis are listed below:

= A comparison of the losses and related costs of the SD-FB and DS-HB configuration was
conducted, exhibiting the advantages of the DS-HB configuration in a STATCOM applica-
tion when negative sequence reactive power is controlled. This analysis can be found in

Publication A.

= A cost effective way to reduce the necessary submodule’s capacitance with the injection
of a second order circulating current was investigated and its results are demonstrated in

Publication B, in close collaboration with group PED2-940.

= An intuitive and easy to implement decoupled arm energy balancing method was intro-

duced.

» An improved injection strategy during asymmetrical voltage sags was presented. The im-
proved strategy takes into consideration the effect of the zero component of the voltage in

the calculations of the voltage references, in contrast to previous studies.

= A complete structure for the effective mitigation of higher order current harmonics in the
MMC was developed. A mathematical analysis linked the presence of harmonics in the

output current with the harmonics of the circulating current.

= The complete control structure of the MMC for the STATCOM application was implemented

on a dSPACE environment for future usage in Aalborg University.

1.6 OQutline of the Thesis

The report at hand is structured as follows. In Chapter 2, the governing equations of the MMC
configuration are discussed and the fundamentals for the design of the control system are set. In
Chapter 3, the complete control system of the MMC is presented and its performance in elimi-
nating internal unbalances is shown through extensive simulations. In Chapter 4, external un-
balances are investigated and two different injection strategies are studied thoroughly through
simulations. In each case, the ability of the designed control system to keep the MMC balanced
is highlighted. In Chapter 5, extensive experimental sessions prove the validity of the control sys-
tem in a small scale MMC operating as a STATCOM. Finally in Chapter 6, a discussion of the main

conclusions of the Thesis work is carried out and future work proposals are made.



Chapter 2

Overview of the Governing Dynamics of

the MMC

In this chapter a fundamental analysis of the Modular Multilevel Converter used as a STATCOM is
presented. The operating principles are explained and all the relevant quantities will be defined.
The dynamics of the system are analyzed with the focus being laid on the energy variations that
affect the internal balance of the converter. The mathematical model will form the backbone of
the control strategies that will be presented in Chapter 3. The reader is encouraged to refer to the

Nomenclature for all the relevant symbols.

2.1 MMC Fundamentals and Operating Principles

A three phase MMC in Double Star configuration is illustrated in Figure 2.1. The submodules used
are consisted of two identical switches, forming a half-bridge, connected to a capacitor that will
be referred to from now on as submodule’s capacitor Cs;;,. The submodule chain is consisted of N
identical submodules connected in series as shown in the schematic. The arm inductors Lg; 5, are
shown as well in the schematic and are connected between the converter output and the submod-
ule chain. An equivalent arm resistor R, is also included to account for the inductor’s parasitic
resistance as well as the on-resistance of the switches. As a result, R, , is variable and usually
difficult to be determined. Its value is small and can be neglected for the shake of simplicity. By
definition, a submodule is considered to be bypassed when the lower switch is conducting and

inserted when the upper switch is conducting.
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The output of the converter is connected to the three phase grid. For the shake of the analysis, the
DC-link is considered to be formed by an equivalent capacitance. This equivalent capacitance
is actually the capacitance that is formed by the connection of the Cs,,. This capacitance is now
split into two parts and the middle point is grounded. In reality, in the STATCOM application, the
two neutral points of the star connection will be floating but this imaginary grounded point will

simplify the extracted mathematical model.

The phase-a output voltage (v;) of the con-

verter is considered to be the reference in this

analysis, with all the other phase shifts being
calculated with reference to this. Due to sym-
metry, only the analysis of phase-a leg will be

shown. The output converter voltage and cur-

rent are then defined as:

Vg="01-cos(wt) 2.1

is= i}-cos(wtﬂ,bl) (2.2)

The currents that are flowing inside the arms

of the converter are defined in such a way that

when they are positive and the submodule is
inserted, Cy,;, is charging whereas when they

are negative, Cg,, is discharging. Using Kirch-

FIGURE 2.1: Schematic of the MMC.
hoff’s current law (KCL) in Figure 2.1:

is=iy—1i 2.3)

The circulating current i, is defined as the current that flows inside converter legs, without affect-
ing the output current is. This current is defined as the mean value of the upper and lower arm

legs:
. iy+1i
ic= 5

(2.4)

In the case of a STATCOM, where there is no DC-link capacitor connected between the neutral
points of the Double Star, the three phase average i, current is obviously zero. However in the
next chapters it will be shown that each leg’s current could have a DC component that is different

than zero, providing that the sum of the instantaneous values add up to zero. Apart from that,
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the circulating current is usually associated with a number of harmonics that also derive from the

control method that is being used, and will be further analyzed later on.

The combination of Equation 2.3 and Equation 2.4 give rise to the following set of equations that

describe the arm currents as a function of the output and the circulating current:

2 (2.5)

Until this point, no discussion was made about the effect of the modulation in the system. In
order to simplify the calculations, the assumption that the switching frequency is approaching
infinite is made [14]. In this way, the modulation indexes can be assumed to be varying with the
fundamental component only. Based on this simplified model, the insertion indexes of the upper
and lower arm can be defined as:

nu=3(-m-cost)) (2.6)

n;= %(1 +m-cos(wt))
The above defined indexes take discrete values in the interval [0,1]. The total voltage inserted
by the upper arm (v?u) and the one inserted by the lower arm (chl)' can now be expressed as a

function of the insertion indexes.
b
Vg, =ny-N-v
cu u sm (2'7)
vfl =n;-N-vsm
Assuming that all of the submodules are controlled to the same value, the submodule’s voltage is
usually taken as:
Vic

Usm = W (2-8)

At this point, setting up the voltage equations for the upper and lower arm will prove to be very
useful for understanding the control strategies that should be applied to the output as well as to

the internal current controllers. From the Kirchhoff’s law of voltages (KVL):

_V > . 0i
Va—ﬂ_vcu_Rarm'lu_Larm'_u
2 ot 2.9)
Vi .3 . i )
Va—_%_vcl"'Rurm'lu‘*'Larm‘a_tl

After proper manipulation, the sum of these equations will give insight for the control strategy

that should be implemented to drive the output current:

. > >
Larm 0is Vo~ Vg Rarm .
— = Uy — -1 2.10
2 ot 2 a2 7 (210
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Equation 2.10 shows that the difference of the inserted voltage of the lower and upper arm is
responsible for controlling the output current. This differential voltage term will be referred to

from now on as the output voltage:

pe=——<b <t 2.11)

It should be also pointed out, since it will prove to be important in the control chapter that follows,

that the effective inductance that is seen from the output is L“% and the effective resistance is

Rarm

On the other hand, subtracting equations 2.9 will give insight for the control strategy of the circu-

lating current:
. .
0i; 3 Viae Vot Veu

Larm : E - 2 2 - Rarm : ic (2-12)

Equation 2.11 shows that the sum of the inserted voltage of the lower and upper arm is responsible
for controlling the circulating current. In contrast to the output current, the effective inductance
and resistance that the circulating current sees is L, and Ry, respectively. Similarly to the

previous definition of the output voltage v, the internal voltage v, will be defined hereby as:

z z
vtV

1
b=~ (2.13)

The final step to complete the fundamental analysis is the extraction of the insertion indexes de-
fined before, as a function of the reference voltages. If v} is the reference output voltage generated
by the output current controller as pointed out before, and v} is the internal voltage reference
generated by the circulating current controller, then the insertion indexes n,, and n; are found to

be:

n,=———-2= (2.14)
‘ Vdc
v+ vl
np=—-—-= (2.15)
Vdc

2.2 Internal Energy Dynamics

In order to ensure complete balance of the converter, the internal dynamics have to be studied
and a controller that ensures balanced operation both under ideal and non-ideal conditions has
to be implemented based on the governing equations. Therefore, it is crucial to investigate the
internal energy variations that occur in the studied configuration. This investigation will be used

in the next chapter in order to design the internal controllers of the system.



Chapter 2: Overview of the Governing Dynamics of the MMC 10

Equations 2.1 and 2.2, defined the output current of the converter and the phase voltage respec-
tively. As explained in the previous section, the DC component of the three phase circulating cur-
rent is zero, but each phase may contain a DC component as long as the sum of the instantaneous
values are zero. In general, the DC component of the circulating current is responsible for moving
active power from one phase leg to the other and its fundamental component is responsible for
active power transfer between the upper and the lower arm inside one converter leg [15]. Based
on these and assuming that a proper harmonic mitigation strategy is used, in order to cancel out

all the higher harmonics, the circulating current can be defined as:
ic=1ico+ic1-cos(t+pe) (2.16)

Substituting equations 2.2 and 2.16 in Equation 2.5, the upper and lower arm currents are found:

A

R i
iy= ico+icl~cos(wt+(p6)+51~cos(wt+<p1) (2.17)

A

. i
i1=ico+1ic1 -cos(wt+¢c)—zlcos(wt+gb1) (2.18)
The arm voltage of the upper and lower arm, based on Figure 2.1 can be expressed as:

Ve Va

tarn = = Va = 76 — - cos(wt) (2.19)
v, v,
v, = % U, = % + 0y - cos(w?) (2.20)

Assuming that the instantaneous voltage of the submodules can be represented by a constant
DC voltage source in series with an AC source, a simplified model of the MMC can be derived as

explained in [16]:

. Vdc . is Vdc ls
=lc- e Vgt — ————"V 2.21
puarm c 2 c a 2 2 2 a ( )
. Vae is Vac s
=i —+icVg—— ———-V 2.22
Plym = lc 5 clam5 = 5 Va ( )

The total power of each inverter leg as well as the power difference can be found based on the ex-
tracted equations 2.21 and 2.22, by addition and subtraction respectively. Adding the aforemen-
tioned equations and substituting the voltages and currents with their full expressions results in

Equation 2.23 below:

A ~

i o) -1
L cos() — —L - cosut + ) (2.23)

Pz =1ico- Vac+ Vac-ic1-cos(wt+dc) -

The second and fourth term of the equation above are oscillating terms that have zero mean value
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over a fundamental cycle. On the other hand, the third term is associated with the AC output

current. This term represents the active power that is flowing from the converter into the grid side

and for a STATCOM it is negligible.

FIGURE 2.2: Leg Energy Balancing

The most interesting term of Equation 2.23 is the first
one. The DC component of the circulating current is
responsible for generating an equal amount of active
power on the upper and lower leg. As a result it can be
concluded that the total amount of energy in a converter
leg can be controlled based on the DC component of the
circulating current, as indicated in the figure on the left
hand side. However, the sum of the three phase DC com-

ponents should add up to zero:

ico, +ico, +ico, =0 (2.24)

In other words, it can be concluded that by control-
ling the DC component of the circulating current in
each phase of the converter, energy balance between the
three legs can be achieved under ideal or non-ideal con-
ditions. These findings will be used in the next chapter,

in the energy balancing controller design section.

Going back to Equations 2.21 and 2.22, the power difference between the upper and lower arm can

be found by subtracting the equations and substituting the terms with their previously defined

forms:

~ ~ V. ~
PA=—2-iq- U1 -cos(@t)—Uy-11-cos(pe) — V) -11-cosQwt+dc) + % “ip-cos(wt+¢y)  (2.25)
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The first, third and fourth term of the above equation
are oscillating terms with an average value of zero, over
one fundamental period so they are of no interest for the
present analysis. On the other hand, the second term of

Equation 2.25 is a DC term that is capable of redistribut-

ing the energy inside an arm as indicated by the figure

on the right. The reason that the circulating current

definition contained a first harmonic term should now

be clear. The first harmonic of the circulating current ;Larm %Larm %Larm
is responsible for this inner leg distribution of energy.

In other words, this term can be used in order to en- E| E| E|
sure balanced operation of the converter under ideal or : : :
non-ideal conditions. It should also be pointed out that

the first harmonic is not generated naturally in an MMC

configuration (see Chapter 5), so it should be ejected ac-

cordingly. FIGURE 2.3: Arm Energy Balancing

However, one challenge that is commonly disregarded
in the bibliography is that the injection of a current in one phase will have an impact on the other
phases of the converter as well, since these phases will act as the return path. Based on these

findings, a proper decoupled controller will be designed in the next chapter.



Chapter 3

Advanced Control Strategies

In the previous chapter the operating principles and the fundamental equations of the converter
were analyzed. The dynamics that govern the operation of the converter topology form the basis
for the implementation of the control strategies that will follow in this chapter. The chapter is
divided in six sections. The first section presents a complete design procedure for the model that
will be used in the simulations. After this, the implementation of the control system takes place.

Figure 3.1 shows a complete overview of the control system that will be analyzed. In the following
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FIGURE 3.1: Overview of the STATCOM Control System.

sections of the chapter, all the relevant control blocks shown in Figure 3.1 will be individually

presented and their tuning process will be discussed, followed by a performance evaluation.

13
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3.1 Simulated System Specifications

The design of the simulated system is based on the procedure followed for the Double Star Half-
Bridge configuration in Publication A. The simulated STATCOM is designed for a rated apparent
power of 1 MV A and is connected directly to an AC grid of 6.6 kV through a line impedance that
is assumed to be consisted of an inductance of 0.08 pu and a small resistance of 0.02 pu [17].
The base power used for these calculation is the rated power of the system (1 MV A) and the base

voltage is the line to line RMS voltage (6.6 kV).

In addition to the above, the resulting total pole-to-pole voltage of the system can be found to be
Vic = 14.2 kV and the RMS current is calculated to be 87.5 A. For this application the Infineon
FS50R17KE3 part number is chosen to be used [18]. The rated voltage of the device is 1.7 kV
and the rated current 50 A. Designing for 100 FIT, each device should be blocking no more than
0.9 kV and therefore the number of cells per arm can be calculated to be 18, accounting for 10%

redundancy [19].

Moving on, the choice of the switching frequency is crucial since a big switching frequency results
in low converter efficiency but on the other hand, a small one is related with limited controller

bandwidth and significant harmonic content in low frequencies.

In this report, the choice of the

o . TABLE 3.1: Device Parameters
switching frequency will be based

on an approximation of the result- Description Symbol | Value
ing efficiency of the system, with Submodule’s RMS Current (A) Ism 44
a 98.5% efficiency considered as an IGBT Voltage Drop (V) v 99
ce .
acceptable choice. The conduction Diode Forward Drop (V) v 1.7
f .
and switching losses can be roughly IGBT Turn On Losses (m)]) E,, 20
approximated for various switching IGBT Turn Off Losses (m)) Eors 32
o
frequencies based on the table on
1 Diode Reverse Recovery Losses (m]) E, 25

the right. After an approximate ex-
pression is found, the efficiency is
calculated for various frequencies and the result is plotted in Figure 3.2. The switching frequency

choice in this report will be 270 H z that results in approximately 98.9% efficiency.

The submodule’s capacitance choice is based on the analysis in [20]. The STATCOM requires the

largest amount of stored energy when it is consuming reactive power. Accounting for 10% allowed
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FIGURE 3.2: Converter estimated efficiency as a function of the switching frequency.

capacitor voltage ripple and no third harmonic injection, the energy requirements are approxi-

mately 70 kJ/ MV A. In the end, each cell should have a 2.1 nF capacitance connected in parallel

to the half bridge.

TABLE 3.2: Simulated System Parameter Table

Description Symbol | Value
Rated Power (MVA) S 1
AC RMS Voltage (kV) Vac 6.6
Submodule’s Voltage (kV) Vsm 0.9
Submodule’s Capacitance (mF) Csm 2.1
AC Grid Inductance (mH) Lg. 11.1
Arm Inductance (mH) Larm 5
Switching Frequency (Hz) fs 270
Number of Submodules per arm N 18
Pole-to-pole Voltage (kV) Vie 14.2
Effective Switching Frequency (kHz) Ssors 4.8
Output RMS Current (A) I 87.5

Finally, the arm inductance is
a unique characteristic of the
MMC and the choice of its
value is usually made based on
two main considerations: i) the
circulating current suppression
capability and ii) the fault cur-
rent limiting capability of the
inductance [21]. In this report
however, the circulating current
controller is responsible for the
circulating current suppression
and the focus is laid on the op-
timization of the control for this
purpose. In addition to the

above, a pole to pole fault that

is usually considered as the worst fault condition is not a realistic scenario in the studied STAT-

COM configuration. An arm inductance of 0.03 — 0.04 pu was used for a similar application in

[22] and this choice results in the 5 m H value that will be used in the upcoming simulations. Ta-

ble 3.2 summarizes the main parameters of the STATCOM configuration that will be used in the

simulations.
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3.2 Output Current Controller

The analysis of the control system will start

from the control of the output current is.

o lg_ lc The output current is the heart of the con-
—
Output Current
e trol system and the controller has to be de-
Vi To

—modutation,, signed with care since any instabilities in
this loop may deteriorate the performance
of the whole converter system. In this sec-
tion, the Proportional-Resonant controllers
(PR-controllers) used throughout this report
will be introduced and a tuning process that

FIGURE 3.3: Output Current Controller.
takes into consideration both the performance
as well as the stability of the system will be pre-
sented. The tuning process in this section as well as in the rest of the report will be made in the

continuous Laplace domain (s-domain) but the method can be easily extended to the z-domain

with appropriate manipulations.

In this report, the control of the output current is made in the stationary abc-frame, so the ref-
erence currents are sinusoidal in the fundamental frequency. These references are in the general
case generated by the higher level controllers, as shown in the next section of this chapter. Con-
ventional PI-controllers are not sufficient when the reference to be tracked down is not DC. On the
other hand, PR-controllers are acting as bandpass filters tuned in specific frequencies, in this case
in the fundamental frequency, in order to track down sinusoidal references. In fact, PR-controllers
are general integrators tuned to have infinite gain at the desired frequency [23]. PI-controllers are
tuned to have an infinite gain at 0 rad/s and therefore can be perceived as a specific case of the
general case, where the desired frequency is zero. The transfer function of a PR-controller is de-
picted in Equation 3.1.
s

1
GC(S)—Kp'(1+E'm) (3.1)

where K}, is the proportional gain that defines the dynamics of the controller, T; is the time con-
stant of the resonant part, that minimizes the tracking errors in the desired frequency, h is an
integer and w; is the fundamental frequency. It is clear now that if & = 0 the resonant part reduces
to a simple integrator. This property of the PR-controllers will prove to be particularly useful when
areference with more than one frequencies needs to be tracked down as in Chapter 5 of the report

at hand. Then the inclusion of multiple resonant parts connected in parallel, tuned in different
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frequencies, will prove to be effective, without increasing the complexity of the control system.
Moreover, the controllers are sequence-decoupled, meaning that they can track down both posi-

tive and negative sequence components. This will prove to be convenient in Chapter 4.

The control of the output current is straightforward. An inspection of Equation 2.10 shows that

the output voltage v, defined as in Equation 2.11, is driving the output current i; through an

R,

impedance with a resistive part =4 and an inductive part Ly

2. The voltage at the converter side

v, can be treated from a control point of view as a disturbance to the system. Figure 3.4 shows

the closed loop system for the control of the output current. The voltage at the converter side v,

Vs Is

A Delay Plant

Controller

FIGURE 3.4: Output Current Controller Loop.

is measured and fed-forward to the voltage reference that comes out of the PR-controller in order
to improve the dynamic performance of the control system. The sum of those two according to
Equation 2.11, form the reference output voltage vy, that is fed to the modulation. The modula-
tion inserts a time delay in the loop before giving rise to the output voltage vs. The plant function

then can be easily determined based on the previous findings as:

1 2
e (3.2)
Vs Larm*S+Rarm

The time delay that the modulation inserts is difficult to be determined and depends strongly on
the implementation of the control system in the DSP or the FPGA. In the usual case, the sampling
frequency is two times higher than the switching frequency, and to be more precise for the case of
MMC, two times higher than the effective switching frequency which accounts for all the submod-
ules. The computational time delay can then be assumed to be in the magnitude of one sampling
time, as it includes all the relevant communication delays and delays in the sensors. Therefore, in

total the modulation can be associated with a time delay that is 1.5 times higher than the sampling



Chapter 3: Advanced Control Strategies 18

time [24]. The delay block can be approximated with the following transfer function:
Gy(s) = e 515 Tsamp 3.3)

In order to simplify the tuning process, the delay will not be initially considered and its effect on
the loop’s response and its stability will be evaluated in the end. Apart from that, R, is usually
very small and therefore can be neglected at this point. As stated before the proportional part of
the PR-controller is the one that defines the dynamic behavior of the control system. To further
simplify the tuning process the resonant part can be neglected initially and the open loop transfer
function is then given by Equation 3.4:

Ky

Larm
Gei(8) =2———— (3.4)
s+2—FL

Larm

The bandwidth of the closed loop function is defined as the point where the bode diagram crosses
—3 dB in magnitude and is related to the response of the system. For this simplified system the

bandwidth bw will be:
Ky

arm

bw=2-

(3.5)

A high bandwidth translates into a low rise time and therefore a fast response and vice versa. For
first order systems, according to general control theory the relation between the bandwidth bw

and the rise time ¢; is given by Equation 3.6 [25]:

- In(9)

= — 3.6
b (3.6)

Typically in voltage source converter applications, the rise time of the current loop is taken in the
magnitude of milliseconds. The limitation for the upper limit of the bandwidth is imposed by the
sampling time and a useful rule of thumb states that the bandwidth of the output controller has

to be 10 times lower than the sampling angular frequency according to Equation 3.7:

Wsamp
10

bw < (3.7)

This relation reveals also one of the properties of the MMC converter. Due to the inclusion of many
submodules, the effective switching time and therefore the effective bandwidth of the system is
increased without compromising the system’s efficiency. This allows the current controller in an
MMC configuration to be tuned to have ahigher bandwidth than the conventional Voltage Source

Converters.
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According to the above, the bandwidth of the controller can then be selected based on 3.8:

In(9 w
n® _ < Ysemp (3.8)
I 10

For this system the minimum desired rise time can be selected to be 1 ms which gives rise to a
bandwidth bw = 2200 % which at the same time respects Equation 3.7. Based on the above, the

proportional gain can be selected according to Equation 3.5.

The only thing left at this point is the selection of the resonant time constant T,, which should
minimize the tracking errors without deteriorating the stability of the system. The closed loop
transfer function, including the resonant controller, after proper manipulations can be brought to
the following form:

2 1 2
2K, ST+ S+

Gei(s) = (3.9)

Larm (s+272) (24 & s+0?) - &
The above equation reduces to Equation 3.4 when T, — co. However, a big value would result in
a very slow tracking of the static errors that the resonant part aims to eliminate. It can be proven
useful to associate the time constant of the resonant part with the fundamental frequency that
it is controlling. In this way, a generic and consistent way to tune all the resonant controllers

can be deduced. Throughout this report, the resonant time constant will be taken according to

Equation 3.10.
b4

- h-w1

T, (3.10)

To conclude, the bode plot of the complete open loop system, including the delay, before and after
the inclusion of the resonant part are depicted in Figure 3.5. The phase margin of the loop without
and with the resonant controller can also be depicted. It can be deduced that the inclusion of the

resonant controller with the specified gain does not deteriorate the stability of the system.
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FIGURE 3.5: Output current controller open loop Bode plot.
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Finally, the performance of the output current controller in tracking down a sinusoidal reference

is evaluated with simulations of the complete model. The reference of the current is changed at

the time instance of 1 s from 0 to 20 A. It can be noticed that the dynamics are rather fast and the

resonant part of the PR-controller minimizes the tracking error in approximately 50 ms.

30 T
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FIGURE 3.6: Output current controller response.

3.3 Power Controllers
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FIGURE 3.7: Active/Reactive Power Controllers.

controller in order to not interact with it [25].

In this section, the active and reactive power
controllers will be described. These con-
trollers receive the reference active and reac-
tive power that the STATCOM should provide
to the grid and output the reference d and q
current components that along with the an-
gle that comes from the Phase Locked Loop
(see Chapter 4), are fed to the output cur-
rent controller. Due to the cascaded nature of
the control system, basic control theory states

that these controllers have to be tuned with

a smaller bandwidth than the output current

In the d g -synchronous frame system, the apparent power can be expressed as:

3
SZE'(Ud"‘]"Uq)'(id_]"iq)

(3.11)
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However, the PLL, as it will be described later on, aligns the vector with the d g-frame ensuring that
the voltage vector is real and therefore setting its q-component to zero. In this way, the apparent
power can be expressed as:

3 .
S:E.Ud.(ld_].lq) (312)

As a consequence, the active and reactive power can be expressed as a function of the d and q

current components:
P = % . Vd . id
5 (3.13)
Q = —z . vd . lq
An inspection of the above shows that the d-component is responsible for the active power whereas
the g-component is responsible for the reactive power. Furthermore, the current references can

be simply generated in open loop by solving equations 3.13 for the d and q components respec-

tively, assuming that P* and Q* are inputs of the system.

A small amount of active current needs to be drawn by the STATCOM to compensate for the un-

avoidable losses, giving rise to the i;. In this application, due to the absence of a physical DC link,

the aforementioned controller will be referred to from now on as pole-to-pole voltage controller.

With C,g4 being the equivalent pole-to-pole capacitor of the MMC, the power balance suggests:

01
t

3
2 _ .
_(5.(eq.‘/dc)_§.yd.ld (3.14)

0

Ceq is given by equation Equation 3.15, assuming that at every time instance the total number of

submodules that are inserted is equal to N:

3'Csm
N

Coq = (3.15)

The pole-to-pole voltage controller is then shown in Figure 3.8. The plant function of the con-

Pl ld Ouput Current ly Plant |-Yoe
Controller Controller

FIGURE 3.8: Pole-to-Pole Voltage Controller Loop.
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troller can be directly determined from the Laplace transformation of Equation 3.14:

Vac  3-vq 1
ig  2-Vye Ceq-s

(3.16)

The system theoretically has a free integrator at the origin so there is no need for an integral part
to eliminate the static errors. The stability of the pole-to-pole voltage is the first priority and there-
fore the controller need not be aggressive. The bandwidth of this controller is chosen to be tuned
to have a small bandwidth in the region of 50 rad/s. In this way;, it is ensured that there will be no
interactions with the output current controller. It must be noted that the voltage v, is generally
not constant since it depends on the reactive power reference as noted in Equation A.2, but it can

be assumed to be approximately equal to the peak of the phase voltage of the grid.

Taking into consideration all the above, the desired gain is found based on the root locus of the
system. The open loop bode plot is then depicted below to prove the stability of the system. The

theoretical settling time of the system was also found to be approximately 40 ms.
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FIGURE 3.9: Pole-to-Pole voltage controller Open Loop Bode.

Finally, a step change of 1% is applied in the pole-to-pole voltage at ¢ = 1s, as shown in Figure 3.10
of the simulated system and the validity of the controller is evaluated. There are several things
to notice in Figure 3.10. At first, the resulting step response exhibits small oscillations that arise
probably due to the presence of the resonant parts of the output current loop. Moreover, the static
errors are minimized due to the presence of the free integrator, despite the use of the P controller
without the integral part. Finally, the step response is similar to the theoretically calculated, with

the rise time being approximately 45 ms.

3.4 Circulating Current Controller
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FIGURE 3.10: Pole-to-Pole Voltage controller Step Response.

In this section the control of the circulating
current will be presented. The circulating cur-
rent is crucial for the efficient, balanced and

reliable operation of the MMC since on the

one hand, it needs to be suppressed in order w]
to reduce the conduction losses of the power A i

Controller
devices and on the other hand it is the mean _}I __[

to balance any unbalances introduced by in-

ternal (e.g impedance mismatches) or external

(e.g. grid faults) causes and keep the voltage of FIGURE 3.11: Circulating Current Controller.

the cell capacitors within their specified limits.

In any other case, the efficiency of the system

would drop along with its reliability since the voltage of the cell capacitors is also the blocking

voltage of the power devices [26].

The circulating current was defined in Equation 2.4. In a STATCOM application, the DC compo-
nent of this current should naturally be zero, since no active power is fed to the grid. The con-
troller, as shown in Figure 3.11 takes the current reference from the energy balancing controllers
and with a combination of compensators, uses the reference internal voltage that was described
in the previous chapter as a mean to track down the aforementioned reference. However, the
design of the controller is not straightforward, as the different components that the circulating

current may present are not easily detected.

In section 2.2 the internal dynamics of the MMC were analyzed. The analysis of the difference

between the upper and lower arm average power showed that a fundamental component of the
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circulating current could be used in order to exchange active power between each leg’s arms. Sim-
ilarly, the analysis for the sum of the energy of a leg has showed that a DC component can be uti-
lized in order to redistribute the energy between the converter legs. Moreover, apart from the DC
and fundamental components, the circulating current presents naturally a second order compo-
nent as is derived analytically in Chapter 5 of the report at hand [15]. Therefore, the controller
of the circulating current should include three parallel resonant parts. The corresponding block

diagram is shown in Figure 3.12.

Resonant
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PIR Plant

Controller
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Y

FIGURE 3.12: Circulating Current Controller Loop.

An inspection of Equation 2.12 and 2.13 leads to the conclusion that the circulating current is be-

ing driven through an impedance with a resistive part of R, and an inductive part of Ly, by

the internal voltage v.. If the term Vé“’ is treated as a disturbance, the plant function is straightfor-

ward:

ic 1

—_—=— (3.17)

Ve  Larm S+ Rarm
The delay block that is depicted in Figure 3.12 was discussed in the previous section for the output
current controller. Furthermore, the tuning method used for the output current controller can be
followed for the circulating current controller as well, with the proportional term dominating the
dynamics of the system while the integrators take care of the static errors in different frequen-

cies. The circulating current controller can be tuned to be less aggressive than the output current

controller, since its response is not as important for the system’s performance. In this report, the
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bandwidth of the circulating current controller was selected for a rise time of 1.5 ms according to

Equation 3.6.

The resonant controllers are tuned as described from Equation 3.10. In this way, the performance
of all the parts in tracking down the reference is similar in terms of their respective periods. Since
Equation 3.10 cannot be used for the DC part, it is tuned with the same gain as the fundamental

part for simplicity.

The open loop bode plot of the complete system, including the associated delay and all the res-
onant parts is shown in Figure 3.13, in order to prove the stability of the circulating current con-

troller.
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FIGURE 3.13: Circulating current controller open loop Bode plot.

The performance of the controller in suppressing the circulating current under balanced condi-

tions is depicted in Figure 3.14.
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FIGURE 3.14: Circulating current controller - Suppression of second harmonic.
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The resonant part tuned at double the fundamental frequency is disabled at ¢ = 1s, giving rise to a
second order component. From this figure, the natural existence of the second order component
in the circulating current is obvious, and it will be explained through analytical expressions in
Chapter 5. It is also evident that under balanced conditions, the circulating current in STATCOM

applications is zero, as noted before.

3.5 Arm Energy Balancing Controller

In this section, the arm energy balancing con-
troller will be designed, implemented and its

performance will be evaluated through simu-

lations. As it is shown in Figure 3.15, the con-

@ troller is taking the desired energy difference

Wa* Arm Energy
——  Balancing
Controller

reference between the upper and the lower

arm of each phase. It is clear that this differ-

ence in most cases will be set to zero, in or-

der to achieve energy balance in between the

FIGURE 3.15: Arm Energy Balancing Controller. ~ arms of a converter leg. Under this condition
and assuming that all the cell capacitances are

identical, the energy balance will ensure that

all the capacitors have the same average value. In other words, the arm balancing controller de-
termines the value of the first harmonic of the circulating current that is needed in order to cancel
any possible energy difference between the arms [15]. Finally, the circulating current controller

generates the appropriate internal voltage reference that is fed to the modulation.

At this point Equation 2.25 will be revised. Neglecting for the time being the oscillating terms, and

introducing the concept of energy difference, the equation can be rewritten as:

OWx

T — D1+ 1¢1 - cOS(Pe) (3.18)

This equation states clearly that the first harmonic of the circulating current has to be in phase
with the respective phase voltage in order to cause active power redistribution. The angle of the
phase voltage however is known by the control system due to the action of the Phase Locked Loop
(see Chapter 4). The complete closed loop of the arm energy balancing controller is shown in

Figure 3.16. The dynamics of the circulating current controller are much faster than the outer arm
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FIGURE 3.16: Arm Energy Balancing Controller Loop.

balancing loop, so it can be assumed that the two controllers are independent from one another.
Assuming that cos(¢.) = 1, the plant function of the controller can be directly determined by

Equation 3.18:

Wy v
Lo (3.19)
lcl S

The closed loop transfer function of the circulating current controller was shown in the previous
section and therefore it will be omitted hereby. The closed loop system contains a free integrator
and therefore theoretically there is no need for the compensator to include a second one since the
existent one should be capable of eliminating any possible steady state errors. A small integrator

gain could be used however to eliminate small steady state errors in a realistic system [16].

The tuning of the P regulator will be based on the response and its stability. Since the arm en-
ergy controller is an outer loop, stability is the desired characteristic. A usual tuning technique
that is used in these cases is based on the phase margin of the system. For this case, the phase

margin is chosen to be 88° and the resulting settling time is approximately 30 ms. Revising again
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FIGURE 3.17: Arm energy balancing controller open loop bode.

Equation 2.25, the energy difference between the upper and lower legs, naturally presents a large
fundamental harmonic content and a relatively smaller second harmonic content. The average

amount of differential energy is however what is important to be kept zero, so these terms were
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neglected in the analysis since they were not essential for the controller design. Nevertheless, a
low pass filter (LPF) can be used in order to filter the measured differential energy as it is fed-back
to the controller. However, the fundamental component is hard to be filtered effectively with an
LPE Two band-stop filters are connected in series instead, one tuned at 50 Hz and one at 100 H z.
An ideal band-stop filter used in the simulations, in the Laplace domain follows the transfer func-

tion in Equation 3.20.

2, 2
$°+ Wi

Ggsr(s) = (3.20)

242 we+ w?
Moving on, a commonly disregarded issue, resulting from the usual implementation of the arm
balancing controller is that injecting a fundamental active current in one phase, will affect the
energy balancing of the other two legs. This means that the arm energy balancing controller can-
not work independently for every phase if no action is taken. In [27], an arm energy balancing
controller with the aforementioned problem was demonstrated. The controller did not ensure

decoupled power flow as indicated in Publication B.

In contrast, the idea of a decoupled control was introduced in [28]. In this work, a way to decou-
ple the problem by injecting a reactive current in the balanced phases, so that the average active
power value stays unaffected, was presented. The control strategy used however is hard to be

implemented, utilizing state space vectors.

At this point, a comprehensive and intuitive way to decouple the arm energy balancing controller
is presented. This control method is easy to implement since it is based on basic vector theory.
The idea however is the same with the one in [28], where the active current of one phase is com-
bined with reactive currents in the other two phases in order for the arm balancing controller to

be independent for each leg.

Due to the symmetry of the problem, only one case will be studied hereby, assuming that the arms
of phase-a are unbalanced, so an active current in phase with phase-a voltage has to be injected in
the circulating current. The reactive axes of phase-b and phase-c that could be combined to form
a vector of phase-a are shown in the figure below. The reactive axis-b is named axis-gB- since it
is shifted —90° with respect to axis-b and the reactive axis-c is referred to as axis-qC+ since it is
shifted +90° with respect to axis-c. Due to the star configuration the three current vectors should
have a sum of zero, and therefore form a triangular. The problem now becomes easy, since the
only thing that needs to be determined is the magnitude of the vectors that should be applied.

Based on basic trigonometry, the amplitude of the vectors of phase-b and phase-c are /3 times
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FIGURE 3.18: Arm energy balancing controller decoupling strategy.

smaller than the vector of phase-a. In this way, the sum of the three imposed vectors is zero, but
phase-a is getting active power whereas the other two phases are getting reactive power which
does not shift the average of the capacitor voltages. The final commanded current reference for

all phases assuming that a P-regulator is used, will be:

1 T 1 T
i =K, -(eg-cost)+—-ep-coswt+ =)+ —-e.-cos(wt — — 3.21
cl, p-(eq (wt) 7 b ( 2) Ve c ( 2) (3.21)
i =K, (ep-cos(wt 2H)+ L e, -cos(wt 7ﬂ)+ 1 e.-cos(wt n) (3.22)
cl, — &p b 3 \/§ a 6 \/§ c 6 .
i =K, (e cos(wt+2n)+ L e cos(wt+7ﬂ)+ 1 e cos(wt+n) (3.23)
cl, — &p c 3 \/§ a 6 \/§ b 6 .

where e, e, and e, are the errors fed to the P-regulator of each phase.

Finally, the effectiveness of the proposed solution is evaluated through simulations. At first, an
extreme and unrealistic test scenario is introduced where the upper arm of phase-a exhibits an
impedance that is double the arm impedance of all the other arms. In this simulation, the upper
arm of phase-a stores more energy than the lower, until the arm energy controller is introduced, as
shown in Figure 3.19. The energy controller cancels the energy difference by moving active power
from the upper leg to the lower leg bringing the system to balance, despite the extreme difference

in the arm impedance.

Energy balance is translated into capacitor voltage balance. For an MMC system, it is crucial to

keep the capacitor voltages balanced under all operating conditions. The following graph depicts
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FIGURE 3.19: W, under extreme internal unbalance.

the instantaneous sum capacitor voltages, as well as the average sum capacitor voltages for phase-
a, for the aforementioned test case scenario. It can be noted that the arm balancing controller acts

by bringing the average sum capacitor voltage of the upper and lower leg to the desired value.
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FIGURE 3.20: Phase-a sum capacitor voltages under extreme internal unbalance.

Finally, the independent operation of the controller is proven hereby. In this simulation, a step
change in the energy difference reference is applied for phase-a at the time instance of 1 s. The
references of phase-b and phase-c remain however at zero. It can be depicted in Figure 3.21 that
the arm energy controller reacts fast to the change in reference change, exhibiting a settling time
of approximately 28 ms, which is also the theoretically calculated step response shown in the
analysis before. A small overshoot is the result of the interaction between the various controllers
of the system. It can be concluded that the other two phases are not affected by the generation
of active power in phase-a since the controller forces the currents that are flowing in the legs of

phase b and c to be purely reactive.

3.6 LegEnergy Balancing Controller



Chapter 3: Advanced Control Strategies 31

_20 1 1 1 1 1 1 1
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3

Time (s)

FIGURE 3.21: Arm energy balancing controller response under a step change in phase-a.

In this section, energy balance between the
three converter legs will be ensured through
the use of the leg energy balancing controller
that is highlighted in the figure on the right
hand side. Having already ensured that the
converter arms will be balanced, the energy

balance between phase legs will make sure j

Ws* Leg Engrgy
—»{ Balancing

that the sum of the cell capacitor voltage will Controlle

be the same for every phase. This controller is

having as an input, the desired total stored en- FIGURE 3.22: Leg Energy Balancing Controller.
ergy, that can be easily calculated based on the

total pole-to-pole voltage requirement. The

total energy of the converter legs is measured and fed-back to the controller [29]. Assuming once
again that all the capacitors are identical, energy balancing is translated into average voltage bal-

ancing, which is important for keeping the devices within their safe operational area.

It is now time to revise Equation 2.23. Similarly to the arm balancing case, the oscillating terms

are neglected for the time being and the concept of energy sum is introduced:

OWZ . N P

a7 ico* Vgc—U1-i1-cos(¢pr) (3.24)
The second term of the above equation is related to the energy that is flowing to the grid so it is
not relevant with the internal dynamics of the converter system. However, the first term is a DC

term that is related to the DC component of the circulating current. Based on this equation, it

should be clear that the DC component of the circulating current is capable of exchanging active
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power between the legs of an MMC. As it was mentioned however before, the sum of the three
instantaneous DC components of the circulating current should be zero. This means that the
total energy stored in the converter legs can be redistributed between them in order to achieve

energy balance, based on the injected DC component of the circulating current.

The DC component generated by the leg energy controller is fed to the circulating current con-
troller that produces the appropriate internal voltage reference. The closed loop system diagram

is shown in the schematic 3.23:

Ws* * Circulating lo Ws
Current Plant

Controller

P lco
Controller

FIGURE 3.23: Leg Energy Balancing Controller Loop.

The reference for the leg energy controller is the sum of the energy stored in the cell capacitors.

The reference is calculated based on the equation below:
1 2
Ws =2N-E-Csm-vsm (3.25)

Since the leg balancing controller is an outer loop, it is tuned to have much slower dynamics in
comparison to the circulating current controller. In this case, stability is the desired characteristic,
so the tuning process will be based on the phase margin, just like the arm balancing controller.
The plant function can be found by taking the Laplace transformation of Equation 3.24 and ne-

glecting the term that is related to the output current:

- (3.26)
lcO N

Since the closed loop system has a free integrator, theoretically there is no need to include an in-
tegral part, so at this point the system will be tuned without one. However, in the realistic system,
static errors are expected and a small integral part could be used in order to eliminate them [16].
The phase margin is set to 88° resulting in a rise time of approximately 30 ms. The bode diagram

of the open loop system is depicted in Figure 3.24.
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FIGURE 3.24: Leg energy balancing controller open loop bode.

Revising Equation 2.23 once again, the neglected oscillating terms in the fundamental as well as in
the second harmonic should be filtered out from the measured sum of the energy. The band-stop

filters that were designed in the previous section are used in this part too.

Finally, the validity of the analysis is proven through simulation results, and the performance of
the controller under leg unbalances is evaluated. Firstly, an extreme unbalance is introduced in
the converter leg of phase-a. The impedance of each arm of phase-a is doubled, and the leg bal-
ancing controller is enabled at the time instance of 1.5s. Figure 3.25 depicts the total energy in

the leg of phase-a: The impedance difference, causes phase-a to store more energy than the other
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FIGURE 3.25: W5 under extreme internal unbalance in phase-a.

two phases. When the leg balancing controller is introduced, the total leg energy of phase-a is
brought to the calculated reference level. Figure 3.26 shows the sum of the capacitor voltages of
the upper and lower arm of each leg, as well as their average value. Finally, as in the arm energy
balancing controller case, the step response of the leg energy controller is assessed. In this sim-
ulation, phase-a at the time instance of 1.5 s is receiving a +1000 J command, whereas the other
two phases a —500 J. The final result is plotted in Figure 3.27. As can be depicted in this figure, the

rise time of the energy is around 27 ms, close to its theoretically calculated value.
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FIGURE 3.26: Sum capacitor voltages under extreme internal unbalance in phase a.
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FIGURE 3.27: Leg energy balancing controller response under step change.



Chapter 4

Control Strategies under External

Unbalanced Conditions

Until now, the grid three-phase voltages were considered to be ideal in this report. However, asym-
metrical conditions can arise in power grids either due to faults (line-to-ground fault, line-to-line
fault etc.) or due to the sudden connection of asymmetrical loads that could cause temporary
voltage sags in one phase (asymmetrical) or in all three phases (symmetrical). The effect of these
voltage perturbations can be important since they could cause malfunction of the devices con-

nected to the PCC and as a result economic losses [30].

Grid connected converters are known to be sensitive to external voltage disturbances since their
control system’s performance may deteriorate under distorted operating conditions. A STATCOM
needs to not only ride through these faults without tripping but also be utilized in order to provide

voltage support by injecting reactive power, reducing the possibility of a voltage collapse [31].

In this chapter, the Phased Locked Loop (PLL) will be designed and a way to extract the different
symmetrical components (the foundations of the symmetrical components theory can be found
in Appendix B) will be presented. After this, two injection strategies during asymmetrical grid

faults will be discussed and their effectiveness will be demonstrated through simulation results.

35



Chapter 4: Control Strategies under External Unbalanced Conditions 36

4.1 Positive-Negative Sequence Extraction Method and Phase Locked

Loop

The analysis of the Phase Locked Loop (PLL) and its tuning procedure has not been discussed
intentionally up until this point, despite the fact that it is a fundamental part of the control sys-
tem. The grid frequency, the voltage amplitude as well as the angle of the voltage space vector are
crucial for the control system and have to be properly determined. Furthermore, as shown in Ap-
pendix B, unbalanced conditions can cause the emergence of negative sequence components in
the system. For this reason, an extraction method based on a Double Second Order General Inte-
grator (DSOGI) as discussed in [32], will be presented and the positive and negative components
of the PCC voltage will be identified. Then, the PLL is tuned appropriately locking the output

angle on the positive sequence voltage component.

At first it should be clear that Clarke’s transformation can be used in both positive and negative
sequence components without modifications, since it is not dependent on the direction of the ro-

tational space vector. The voltage transformation from abc-frame to a f-frame is depicted hereby:

o 1 1 V“
Ol - M 4.1

= b )
Vel V3lo 2 -2 |

N iy | V.
Tup
The positive and negative sequence a8 voltage components can be expressed as:
V;ﬁ = [Taﬁ] : [Tp] Vabe 4.2)

Va_ﬁ = [Taﬁ] [Tyl Vabc

where [T),] and [T,] are matrices defined in Appendix B. After manipulations and matrix opera-

tions:
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where a; =14—- %i which is an operator used to facilitate the expression of a quadrature signal.

Similarly, the negative sequence components are expressed as:

(4.4)
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Examining carefully the above equations, it can be deduced that the extraction of the positive and
negative sequence components, requires the generation of signals in quadrature to the a and f
components of the measured PCC voltage. A simple method was presented in [32], utilizing two
Second Order General Integrators with quadrature signal generating capability as signified in Fig-

ure 4.1. SOGI generally acts as a bandpass filter, tuned in the frequency of interest. In Figure 4.1,

1 Vap

|
v

|
A

v

FIGURE 4.1: DSOGI with quadrature signal generation capability.

w is the fundamental frequency. In this way, any possible disturbances or harmonic components
resulting from the grid side can be attenuated. The gain k is representing the bandwidth of the
filter. The choice of this gain is a trade-off between filtering ability and response time. More about
bandpass filters and their tuning procedure are discussed in Chapter 5. At this point, an optimum
bandwidth gain is used as derived in [33] with the gain chosen to be k = /2. The overall extraction

method for positive and negative sequence components is shown in Figure 4.2..
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FIGURE 4.2: Positive-Negative Sequence Extraction method.

The positive sequence of the af voltage is then provided as an input to the PLL, which locks the
angle of the positive sequence space vector. In this way, if the angle at the output of the PLL is

used in the dg-transformations, the g-component of the positive sequence would be set to zero,
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verifying the assumptions taken in the power definitions of Chapter 3. The PLLs loop is shown in

Figure 4.3. At first, the signal sin(y — 0) is constructed based on Equation 4.5, where y represents

sin(y-0) ®

o1

FIGURE 4.3: The Phase Locked Loop (PLL).

the desired reference angle and 0 is angle at the output of the PLL.
sin(y—0) =sin(y)-cos(@)—cos(y) - sin() (4.5)

When this angle difference is small, then its sinus is close to zero so the assumption in Equation 4.6
can be taken:

sin(y—-0)=y-0 (4.6)

This angle difference is treated as the error that is fed to the PI controller. Since the plant contains
a free integrator as shown in Figure 4.3, a P controller would be sufficient in tracking a constant
phase angle. However, the angle is increasing linearly when a mismatch of frequencies exists and
therefore a second integrator is needed. If the effect of the SOGI parts is neglected, then the closed

loop transfer function can be derived as:
GriL= 57— (4.7)

The proportional gain is what defines the dynamics of the system. A high K, which acts as a
bandwidth, may result in amplification of parasitic components. Usually the proportional gain
is therefore chosen to be smaller than the fundamental frequency. In this report, the choice will
be based on the settling time. Basic control theory suggests that a second order system the time
constant is [25]:

1=(wy, (4.8)

Assuming that the system settles after 5 time constants and taking a settling time of 100 ms (five
fundamental periods), the proportional gain is found. The integral gain can be chosen based on

the maximum overshoot.
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The effectiveness of the tuning procedure of the PLL is shown with a simple step response of 1 Hz
in Figure 4.4. The rise time is approximately 20 ms with the settling time being approximately

95ms, close to the expected one.
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FIGURE 4.4: Step response of the PLL.

4.2 Control of Negative Sequence Reactive Power

Modern STATCOMs are required to control both the positive as well as the negative sequence
reactive power due to the fact that many asymmetrical loads, such as arc furnaces, generate un-
balanced currents [17]. One of the great advantages of the DS-HB STATCOM configuration is the
fact that it can be used to control the negative sequence current without significant increase in the
circulating current as explained in detail in Publication A. This ability will be highlighted through

simulation results in this section.

Since the control of the output current was implemented in the abc-stationary frame with reso-
nant parts, there is no need for changes in the control system as the resonant part will track down
the 50 Hz component regardless of the sequence of the phases [34]. The presence of unbalances
results in active power oscillations that affect the V., leading to oscillations with double the fun-

damental frequency.

Figure 4.5 depicts the current waveforms when 1pu of negative sequence reactive power is con-

trolled.

Iis shown that phase-c is leading phase-b by 120°. Figure 4.6 shows the phase voltages at the PCC,
as well as the amplitude of the positive and negative sequence voltage space vector, as extracted

based on the methods discussed in the previous section.
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FIGURE 4.5: Output Currents with 1pu Negative Sequence Reactive Power.
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FIGURE 4.6: PCC Voltages with 1pu Negative Sequence Reactive Power.

The circulating currents of the three phases are shown in Figure 4.7. It can be deduced that a small
DC component (20A) is used in order to control the full negative sequence, as expected. It can also
be noticed that there is active power exchange between the leg of phase-c and the leg of phase-b,

while the DC circulating current of phase-a is zero [35].

25 T T T T

Current (A)

25 1 1 1 1
1 1.02 1.04 1.06 1.08 1.1

Time (s)

FIGURE 4.7: Circulating Currents with 1pu Negative Sequence Reactive Power.

Finally, Figure 4.8 verifies that the system remains balanced when the full negative sequence re-

active power is controlled. The unbalanced currents result in different amplitudes in the voltage
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FIGURE 4.8: vZ, with 1pu negative sequence reactive power.

oscillations of the capacitors, but the mean value remains constant and equal to the mean value

of the other phases.

4.3 Reactive Power Control for Voltage Sag Mitigation

Grid faults arise often in power systems and they can degrade the performance of the topology
causing equipment failures and economic losses. Grid regulations usually do not have require-
ments for STATCOMs when faults in the AC side arise. However, a STATCOM can be utilized in
order to support the grid voltage or enhance the stability of the system depending on its ratings

and the strategy of injection. Various strategies exist and were explained in detail in [30].

In this section, two strategies will be discussed, both of them having as a main goal the support
of the voltage at the PCC. The first strategy will inject maximum reactive current in positive se-
quence, respecting always the current ratings of the converter and increasing equally each phase
voltage whereas the second strategy will provide more flexibility by the injection of positive and

negative sequence currents.

4.3.1 Positive Sequence Injection

According to the instantaneous power theory [36], the presence of negative sequence components
leads to active and reactive power oscillations with a double fundamental frequency component.
The instantaneous active and reactive power can be expressed with the following set of equations

[37]:

p =Py + PicosQwt) + Prsinwt) ws)
q=Qo+Qicoswt) +Qrsinwt) '
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Applying the dg-transformations and taking into consideration both the positive and the negative

sequence components, the power terms can be written in matrix form as follows:

'Poﬂ FV(; V; vy Vq‘-

P, v, Vv, Vi Vg 'i;

P, 3| Ve Vg -Vvy o vy i 110
Q| ?2|vi -vi vy -vi|| i3

Q Vi Vo Vq -Vil|lig |

| Q@ v Ve Ve Vg

Equation 4.10, suggests that there are six power terms to be controlled but only four indepen-
dent variables. The problem then becomes a designer’s choice. Many injection strategies have
been developed and tested according to the needs of the power system, and in [30], an in-depth

description and comparison was made while a flexible injection strategy was also developed.

Among the findings of the analysis was that despite the fact that a balanced positive sequence
injection of currents does not mitigate the power oscillations, it allows for maximum reactive cur-
rent injection and therefore maximum voltage support at the PCC. The reactive power reference
after the detection of the fault will be the maximum possible, taking into consideration the current

ratings of the converter system.
The maximum reactive power that the STATCOM can provide is given by Equation 4.11, assuming
that the PLL is locked on the positive sequence d-component (VL;r =0):

* 3 +
Qmax = Elmux : Vd 4.11)

The maximum current I, depends on the ratings of the converter system. When a voltage dip
or a ground fault occurs, V is reduced and therefore the maximum reference reactive power
should be reduced in order for the current to respect its ratings. Based on the above, the current
command will be purely in positive sequence with the i;“ generated from the pole-to-pole voltage
controller and the i; generated based on Equation 4.11. In the following simulations, the fault
duration will be assumed to be 300ms and a dead-band of 10% in the voltage is considered as

proposed in [38]. The reactive power command is considered to be 0Var before the fault occurs.

Starting from a symmetrical voltage sag scenario, a reduction of 20% in all three phases of the
system occurs at t = 1s. Figure 4.9 depicts the phase voltages before and after the three phase

dip. It can be seen that since the dip is symmetrical, there is no negative sequence voltage while
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the positive sequence voltage rises from 0.8pu to 0.87pu approximately due to the injection of
reactive power. Figure 4.10 verifies that the injection strategy does not result in currents higher
than the rated ones. The current waveforms surpass the limits only during the transient as the

PLL has not settled at the initial periods after the occurrence of the fault.
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FIGURE 4.9: Symmetrical three-phase sag of 0.2pu - PCC voltages.
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FIGURE 4.10: Symmetrical three-phase sag of 0.2pu - Line currents.

Figure 4.11, depicts the instantaneous active and reactive power provided to the grid. The power
terms exhibit only average terms, as expected since there is no negative sequence present. It
should also be highlighted that the maximum injected reactive power is less than the rated 1MV A.
In Figures 4.12, the internal balance of the MMC during this symmetrical fault is verified. More
particularly, Figure 4.12 depicts the circulating current during the voltage sag and it can be seen
that after the initial transient, it is suppressed to zero until the fault is cleared. The sum capacitor

voltages of the upper leg is also depicted verifying that their average voltage remains constant.

The performance of the strategy is also tested in an asymmetrical single line-to-ground fault in
phase-a, which is considered as the worst case scenario in grid applications. At first, the phase
voltages at the PCC are depicted in Figure 4.13, where a significant amount of negative sequence

voltage component is present, resulting in unbalances in the PCC voltages. The balanced injection
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FIGURE 4.11: Symmetrical three-phase sag of 0.2pu - Active and reactive power.
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FIGURE 4.12: Symmetrical three-phase sag of 0.2pu - i, and v3,..

increases the voltage amplitude of all phases equally. Figure 4.14 verifies that with this method,

the currents are symmetrical, balanced and inside their rated limits.
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FIGURE 4.13: Single line-to-ground fault - PCC voltages.

Figure 4.15 depicts the active and reactive power. It can be seen that the existence of a high neg-
ative sequence component leads to huge oscillations in the active and reactive power, as this
method fails to mitigate the issue, since it does not reduce the presence of the negative sequence

voltage vector.
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FIGURE 4.14: Single line-to-ground fault - Line currents.
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FIGURE 4.15: Single line-to-ground fault - Active and Reactive Power.

The internal balance of the MMC configuration is depicted again in Figure 4.16. The mean value
of the capacitor voltages remains constant due to the existence of a dc circulating current, that

arise due to the presence of the negative sequence voltage vector. An exchange of active power

can be noticed between the two "healthy" phases.

IS
(=}

5 fr ”‘""w‘Ww6“"’oot'Wo'l’Wl&'&’o’t’A’&t’mmi@i"

FIGURE 4.16: Single line-to-ground - i, and vZ, with energy controllers.

To conclude, in order to stress out the importance of the energy balancing controllers in keeping
the system balanced under asymmetrical grid faults, Figure 4.17 shows the circulating current and

arm capacitor voltages when the energy controllers are disabled. it can be seen that the capacitor
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voltages are drifting away from their commanded average value. This result is unacceptable since
it would lead to the disconnection of the converter due to the over-voltage experienced by the

submodules of phase-b in this simulated case.

Current (A)

Voltage (V)

0.95 1 1.1 1.2 1.3 14
Time (s)

FIGURE 4.17: Line to ground fault - i and v, without energy controllers.

4.3.2 Mixed Sequence Injection respecting Phase Voltage Limits

In case of voltage sags it is very important for a STATCOM to manage to keep the voltages of all
individual phases within their specified limits. The required voltage at the PCC however depends
on the application. The requirements for this report will be chosen to be as follows [39]:

Vinax =1.1pu

(4.12)

Vinin =0.85pu
As it was shown in the previous section, the balanced positive sequence injection increases the
amplitude of all phases equally. This however may have severe effects for the "healthy" phases in
the case of asymmetrical faults and could possibly affect sensitive equipment that is connected at
that point. This problem can be noticed in Figure 4.18. In this figure, maximum positive sequence
injection is considered for a system, with a two times higher % ratio than the previously studied
one. In this case an asymmetrical sag in phase-a (0.7 pu) and phase-b (0.8 pu) occurs, while phase-
c is unaffected. The positive sequence injection restores the positive sequence of the voltage at
1 pu as it was before the occurrence of the fault while increasing the amplitude of phase-a to the
minimum acceptable level of 0.85 pu. However, the magnitude of phase-c increases unacceptably

to approximately 1.16 pu.

The example above shows that a more analytic approach could prove to be beneficiary for voltage

sag mitigation, respecting the voltage limits as they were previously set. The injection approach
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FIGURE 4.18: Asymmetrical voltage sag - Positive sequence injection.

that will be followed in this report was firstly introduced in [39] and it is reformed in this section

in order to take into consideration the effect of the zero sequence component of the voltage.

Due to the action of the PLL, the voltage vector of the positive sequence is locked on the d-axis
as previously described as in Equation 4.13. As a result the phase angle of the positive sequence

voltage vector is considered to be ¢ = 0.

2 2
Vi=\VIT+Vit=V) (4.13)

Similarly, the magnitude and the phase angle of the negative sequence component can be cal-
culated as shown in Equations 4.14 and 4.15. The extraction of the d and q components of the

negative sequence voltage vectors were described previously.

ERVASEE R e (4.14)
V-

¢~ =tan"' =L (4.15)
Vd

It is important at this point to understand the concept of voltage support and how the injection
of positive and negative sequence current increases the voltage at the PCC. In order to do so, the
schematic of Figure A.1 is considered and the positive sequence voltage at the grid side can be
calculated as:

VgJ':VJr—w-L-I+ (4.16)

This equation reveals that the injection of a positive sequence current, results in a voltage at the
PCC that is higher than the voltage of the grid side and as a result the voltage sag is reduced.

Similarly, for the negative sequence component:

Ve =V +w-L-T" (4.17)
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Equation 4.17 reveals that the injection of negative sequence current, reduces the negative se-
quence voltage at the PCC that as a result reduces the unbalance between the phase voltages at

the PCC in comparison to the one at the grid.
The positive and negative sequence reactive power can then be calculated as:

3 VIVt -Vy)

+

4.18
2 oL ( )
3 V(7 -V)
= 4.19
Q 5 ol (4.19)
The current references can then be extracted from Equation 4.20.
_2Q
I'=353=
(4.20)
-_2Q
I'=3v=

The phase voltage with the maximum amplitude and the one with the minimum one have to be
identified firstly and then their references will be set to the maximum and minimum limits that
were defined in Equation 4.12. The phase voltage vectors can be expressed as a combination of
the positive, negative and zero sequence components as shown in Appendix B. Given that the
reference angle is considered to be the angle of the d-component of the voltage, the amplitudes

of the voltages can be expressed as follows:

Vo=V +V cos¢p™ + Vycosby (4.21)
" _ 21 _ 21

Vp=V"+V COS(?+(,D )+V()COS(?—00) (4.22)
i _ 4 _ 4

Ve=V"+V cos(? +¢ )+Vocos(?—00) (4.23)

The zero component is generally a rotating vector that is similar for all phases. Its magnitude and
its angle are determined as shown in Figure 4.19. The input of the SOGI is the instantaneous value
of the zero component. The SOGI generates a voltage component that is exactly the same as the
input and one that is lagging 90°. This is then transformed to dq-reference frame with the feed-
back angle of a PLL that locates the angle of the d-component of the zero sequence component.
Finally, the angle 6 is the difference of the reference angle of the system with the PLLs output

angle. The magnitude of the zero sequence component is calculated based on Equation 4.24:

Vol =/ vo? + v (4.24)
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FIGURE 4.19: Zero Component Detection.

Since all the components of equations (4.21) - (4.23) are determined, the phases with the max-
imum and the minimum amplitude can be found. The references for the positive and negative
sequence components of the voltage can then be generated based on Equation 4.25 and Equa-

tion 4.26.
_ (Vinax — Vimin) - (cos (imaxz?n —0p) — cos (iminz?n —09))

3 D) _ . 2 _
08 (imax 3 +¢~) =08 (imin S +P7)

— %

(4.25)

e o . 2n _ . 27
V' =Viax— V™ " cos (lmax? +¢ ) —|Wlcos (lmax? —0op) (4.26)

In the above equations, i,y and i,,i, is the index of the phase with the maximum and minimum
voltage respectively. These references can then be used to calculate the commanded positive and

negative sequence reactive power.

In order to complete the injection strategy, the saturation limits for the positive and negative se-
quence reactive power have to be determined. The strategy followed here assumes equal priority
to both positive and negative sequence components but can be as well adapted depending on
the application [40]. It has to be noted however, that the currents that result from this injection
strategy are not symmetrical and therefore, the saturation limits have to be adjusted for the phase

with the maximum current.

The phase current amplitude in contrast to the voltage will be the combination of a positive and
negative sequence component without the presence of a zero sequence. Based then on the basic

geometrical law of cosines, the amplitude of each phase’s current can be found as can be deduced
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FIGURE 4.20: Asymmetrical voltage sag - PCC voltages.

by the following equations:

+ _ —
I, = \/1+2 +I-242I* 1 cos (%) 4.27)
21 T—¢7
I, = \/1+2 +I 2421 cos (- + o1 > 4] ) (4.28)
4 - 97
I.= \/I+2+I‘2+21+I‘ cos(§+ %) (4.29)

Based on the above equations and following the same extraction process that was followed for the
voltage, the phase with the maximum current amplitude I;,,4, can be found. Finally, the reactive

power saturation can be set as in [40]:

I
Qfyar = QF - L2ted (4.30)
Imax
— — Irated
Quax=Q - (4.31)
Imax

The asymmetrical voltage sag shown in Figure 4.18 will be simulated with the aforementioned in-
jection strategy. Firstly, the voltages at the PCC are shown in Figure 4.20. From Figure 4.20, it can
be deduced that the injection strategy manages to keep the phase voltages at the PCC inside the
previously specified limits while providing the needed reactive power to support the grid. More
particularly, phase-a which experienced the higher sag, is increased up until the minimum limit
while at the same time, the unaffected phase-c voltage rises to the maximum limit. In this way, all
three phases are kept within the limits. In order to do so, the injection strategy employs asymmet-
rical currents as shown in Figure 4.21. The current amplitudes in this case are significantly lower
than the rated current. As it was shown in Figure 4.20, the injection strategy reduces the unbal-
ance between the phases and therefore, reduces the negative sequence voltage vector amplitude.

This results in the reduction of the active and reactive power oscillations as shown in Figure 4.22.



Chapter 4: Control Strategies under External Unbalanced Conditions 51

150 T T T

)
3

W
(=}

Current (A)
f=}

9
S

-100

-150
0.95 1.05 115 1.25 1.35

Time (s)

FIGURE 4.21: Asymmetrical voltage sag - Line currents.
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FIGURE 4.22: Asymmetrical voltage sag - Active and reactive power.
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FIGURE 4.23: Asymmetrical voltage sag - i and vZ,.

It should also be noted that the total injected reactive power is lower than the rated one, since
the goals of the injection are achieved without the need for maximum reactive power injection.

Finally, Figure 4.23 shows the circulating current as well as the internal capacitors instantaneous
voltages of the upper arm. The later figure proves that despite the injection of asymmetrical cur-
rents, the internal balance is ensured. It can also be seen that the capacitors of phase-a exhibit
a significantly higher ripple due to the fact that the current of phase-a is higher. The average DC

value however remains constant for all three phases.
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Harmonic Mitigation

A major problem in modern power systems is the pollution of power quality due to the introduc-
tion of harmonic content by various power electronic based loads. The current harmonics can
cause voltage flicker and other undesired phenomena, such as malfunction of electronic equip-
ment. One of the biggest challenges of the grid operators is to keep the power quality standards
high, by limiting the Total Harmonic Distortion (THD) in the PCC voltage and the line currents

[41].

A common solution is the harmonic mitiga-

tion using VSCs. VSCs employ an enhanced

ver i l l control system in order to detect and compen-
— Acli\/:/Reacuve — Output Current
Q* no;Ner : lo* Controller . .
L e sate for the current harmonics in the PCC, act-
Vs*, To
- Output Current | 1, Harmonic Vot ‘: modulation . . .
P o | ot oo [ () D ing as active filters [42]. In this chapter, the
wee [ AmErey 'T performance of the MMC STATCOM topology
—> alancing
Controller
Y e | Ciaing | v 0 in the mitigation of current harmonics up to
Controller Verk
- 1 the 13th order will be evaluated. An interest-
Wer L;glEngrgy -
Contolle ing study of the performance of the MMC in
o frmemalCurtent| x| Hamonic the mitigation of harmonics can be found on
Detection Controller
—vT [43]. That study however does not take into

consideration the induced harmonic content

FIGURE 5.1: Overview of the STATCOM Control Sys-  in the internal converter current. Naturally the
tem including Harmonic Mitigation. . o . . .

chapter will be divided into two main section:

i) the control strategy for the mitigation of the

52
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output current harmonics and ii) the control strategy for the mitigation of the internal current har-
monics. Figure 5.1, shows the overview of the STATCOM control system including the harmonic

mitigation strategies.

5.1 Output Current Harmonic Mitigation

The focus of this section will be laid on the de-
tection and mitigation of the harmonic com-
ponents of the output current controller, as

shown in Figure 5.2. Usually, power electronic

To

. e Output Current Thabe* Harmonic V¥ modulation
based loads are the cause of harmonic cur- TN B [ Ot Cunent > ’
rent present in the lines of a power system '”T

[44]. Most commonly, voltage source convert-
ers aim to mitigate the 5th, 7th, 11th and 13th
order harmonics, since these ones are usually

the ones with the higher amplitude.

The measured output current, shown in the
block diagram in Figure 5.2, is fed to the har-
FIGURE 5.2: Overview of the STATCOM Control Sys-
monic detection block which will be analyzed tem including Harmonic Mitigation.
right after. This block then generates the refer-
ence harmonic current that should be injected

to the grid by the STATCOM in order to compensate for the current harmonics and keep the THD

of the current waveforms as well as of the voltage waveforms at the PCC, as low as possible.

Regarding the detection methods, various techniques have been investigated. The methods usu-
ally split into two main categories: i) the selective detection methods that detect the magnitude
of each harmonic individually and ii) the non-selective methods that simply split the current into
fundamental and non-fundamental component [45]. In this report, bandpass filters will be em-

ployed in order to properly detect each harmonic order individually.

The band-pass filters that will be used in the simulations are designed in the Laplace domain. The

general transfer function of a band-pass filter is:

Hy-B-s

Bt ok oD

Gppr(s) =
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0 dB In the above equation, parameter Hy is the

gain of the filter that is usually set to 1, B is the

-3 dB bandwidth of the filter and wy is the center fre-
quency that is desired to be selected through

the filter. The frequency response of an ideal

band-pass filter is shown in Figure 5.3 and is

described by Equation 5.1. The ideal band-
fL fO fH

pass filter would have a flat pass-band region
FIGURE 5.3: General band-pass filter [2].
without inserting any attenuation or gain to
the frequencies inside its bandwidth region
while efficiently attenuating all the other frequencies. The bandwidth of the filter by definition

is measured between the half power points, as shown in the figure on the right hand side [2].

In the application under study, the harmonic current source is assumed to be injecting 5th, 7th,
11th and 13th order harmonics. In order to detect these components in the measured current,

the band-pass filters are designed with a center frequency:

fo=np-50 (5.2)

where nj, corresponds to the order of the respective harmonic. The bandwidth of the filters is
tuned to be B = 50 Hz. Taking the fifth harmonic as an example, this means that the half power
points with —3 dB attenuation are set at 225 Hz and 275 Hz according to the definitions. The
frequency response of the magnitude and the phase of the four designed band-pass filters are

shown in the figures below.

—Band-pass @ 250 Hz
—Band-pass @ 350 Hz
—Band-pass @ 550 Hz
—Band-pass @ 650 Hz

Magnitude (dB)

-60 L 1
2 3 4 5
1 1 1 1
0 0 Frequency (rad/s) 0 0

FIGURE 5.4: Band-pass filters frequency response: Magnitude.

There are a couple of things worth noting regarding the bode diagrams of the band-pass filters.

Firstly, from the phase diagram of the frequency response, it can be deduced that the designed



Chapter 5: Harmonic Mitigation 55
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—Band-pass @ 250 Hz
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FIGURE 5.5: Band-pass filters frequency response: Phase.

band-pass filters do not affect the phase of the center frequency. This consists one of the desired
characteristic of the band-pass filter. On the other hand, the designed filters are not ideal and
therefore despite having zero gain in the center frequency, they do not provide full attenuation to
the neighbouring harmonics. An inspection of the magnitude of the frequency response reveals
that the band-pass filter of the 5¢/ order, provides approximately 10 dB attenuation on the 7¢h

harmonic. Similarly, the same filter provides a 25 d B attenuation to the fundamental component.

In order to avoid the aforementioned problem

and improve the selectivity of the designed fil-

labe N /‘\ BPF Isi*
- = =250 Hz

BPF lon*
f0=350 Hz

BPF l*
=550 Hz

BPF [
f0=650 Hz

ters, two actions are taken. At first, a band-

pass filter with a center frequency of 50 Hz and

?Yr
¥

%
¥

Tbn*+ ™ + |

BPF
fo=50 Hz

its output is subtracted from the measured cur- vt I+ it

a small bandwidth of 10 Hz is designed and

rent. In this way the input of the band-pass fil- or

ters will see only the higher harmonic content of

the measured current. Secondly, the outputs of FIGURE 5.6: Harmonic detection strategy for the
output current.

the filters are fed-back to the input and are sub-

tracted from the inputs of the other filters as shown in Figure 5.6. The reference outputs are then

fed to the harmonic output current controller in order to be compensated [44].

The output current controller was described in detail in Chapter 3. The harmonic output cur-
rent controller is operating in parallel with the output current controller of the fundamental har-
monic as can be seen in Figure 5.1. Since the control is implemented in the abc-frame with PR
controllers, the harmonic output current controller block includes four resonant controllers in

parallel, tuned at the desired frequencies of 250 Hz, 350 Hz, 550 Hz and 650 Hz respectively.
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These resonant controllers now have to deal with higher harmonics in comparison to the fun-
damental resonant controller so their resonant gains have to be tuned to be faster. The tuning
process of the resonant part of the fundamental controller was based on the fundamental fre-
quency since this was the frequency that it aimed to follow. Thinking in exactly the same way, the

resonant parts of the harmonic output current controller are chosen as:
KRn =ny 'KRl (5.3)

where Kg, is the fundamental resonant gain, Kg, is the resonant gain of the n;; harmonic and n,
is the order of the harmonic component. The simulation results in the last section of the chapter

validate the proposed control strategy.

5.2 Internal Current Harmonic Mitigation

The injection of harmonic current in the output has an impact on the circulating current, since it
increases its harmonic content. This harmonic content can be of significant magnitude, affecting

the performance and the efficiency of the system.

As a direct consequence of the above, suppress-
ing the circulating current that results from the
extra injection of current becomes of major im-
portance for the MMC converter. Since the de-
tection strategies and the compensation meth-
ods were described in the previous section, the
remaining challenge that needs to be dealt with
at this section is the determination of the result-

ing internal current harmonics due to the extra

e fmemalCurent| x| Hamonic current injection. To do so, an analytic approach
Detection Controller
—u[ to the problem follows, investigating the effect

of the current harmonics on the circulating cur-
FIGURE 5.7: Internal Current Harmonic Mitigation. rent. Once the expected harmonic content of
the circulating current is found, a compensation
method is applied to suppress it. Since the cir-
culating current is defined as the mean value of upper and lower arm currents within a converter

leg, in order to identify the impact that the harmonic content of the output current will have in
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the circulating current, it is enough to look at the variations of the sum arm voltages that drive
this current [15]. Equation 2.7 defined the total voltage of the upper arm and lower arm, insert-
ing the concept of submodule’s voltage (vsy,). Equation 2.8 however disregarded the variations in
the capacitor voltages. More precisely, the submodule’s voltage can be found by integrating the

submomdule’s current i, according to the equation:

1 .
Vs = C '[lsmdt (5.4)

sm
On average however the submodule’s current can be expressed as a function of the insertion index
of the upper or lower leg respectively:

lsm, = Nu-ly

(5.5)
ism; =n;-i

Substituting Equation 5.5, Equation 5.4 and Equation 2.6 in Equation 2.7 the sum capacitor total

voltages of the upper and lower arm can be expressed as:

l1-m-cos(wt 1 1-m-cos(wt
v:, =N- 5 ( )'c f 5 ( )-iudt (5.6)
sm
1+m-cos(wt 1 1+m-cos(wt
v5=N- @y, f @O ar (5.7)
¢ 2 Csm 2

Summing the above equations and re-arranging them:

N

vczu+ vf‘l = f(nu-iu+nl-il)dt— ~m~cos(wt)f(nu~iu—nl-il)dt (5.8)

N
2Csm
At this point some assumptions to simplify the analysis will be made. The circulating current will
be assumed to be 0, since the focus of the current analysis is the impact of the output current
on the internal dynamics. Moreover, the output current will be assumed to have a fundamental
component and a 5tk harmonic component, in order to simplify the analysis. The conclusions of

this analysis however can be extended for 7, order harmonics in the output current.

Based on the above the upper and lower arm currents can be written as:

A A

i i
iy= El -cos(wt) + 55 -cos(bwt) (5.9)

A A~

i i
0= _El -cos(wt) — 55 -cos(bwt) (5.10)
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Based on these definitions the terms n,i, + n;i; and ny,i, — n;i; of Equation 5.8 can be expressed
as:

Nyuiy+npi; = —m-i} -cos®(wt)+—-m- iA5 -cos(wt)cos(bwt) (5.11)

Having in mind that:

cos(a)-cos(b) = %(cos(a —b)+cos(a+Db)) (5.12)

Equation 5.11 can be re-written as:

A A A

. . -mefy -m-d) is
Nyly—nyi;= + > -coswt) + -cos(bwt) (5.13)

2

15
-cos(4wt) +

Since the integration does not change the frequency component of the trigonometric terms, the

sum of the arm voltages, according to Equation 5.13 will have a 2nd, a4th and a 6¢h component.

The other integral term of Equation 5.8 is found to be:
Nyiy,—npi;= iAl-cos(wt)+ i},-cos(Swt) (5.14)
Taking a moment to inspect Equation 5.8 and having in mind that:
; 1 . ;
cos(a)-sin(b) = E(sm(a—b)+sm(a+b)) (5.15)

The second term of Equation 5.8 will again result in a harmonic content of 2nd, 4th and a 6th

component.

Concluding this analysis, the main outcomes are listed hereby:

» The sum of the voltage variations of the arms contains the same harmonic content as the
circulating current, so Equation 5.8 can be used to determine the expected harmonic con-

tent of the circulating current.

= The 2nd harmonic component appears naturally in the circulating current, due to the pres-
ence of the fundamental current. This is a finding commonly encountered in previous re-
search and until this point of the report, it was not mentioned. The circulating current con-
troller needs therefore to include a resonant controller tuned at 100 Hz to suppress the
resulting circulating current. This effect was taken into consideration in the development

of the circulating current controller in Chapter 3.

= [t was found that only even harmonics appear on the circulating current due to the odd

harmonics of the output current.
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= The 5¢h harmonic output current results in the appearance of a 4¢th and 6¢h harmonic in

the circulating current. However, the 6tk is a zero component harmonic and due to the

nature of the STATCOM that does not include a DC-link, the zero sequence components are

naturally eliminated from the current waveforms.

» The previous finding can be generalized. An n harmonic order component in the output

current will produce either n—1 or n+ 1 component in the circulating current. For example,

the 5¢th harmonic produces a 4th harmonic component whereas the 7th produces an 8th

etc.

BPF lcan™
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BPF Ican™
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BPF Icwom™
=500 Hz

Ichn*+ lcam™ + Icrean™

BPF lcian*
=700 Hz

lcan™+ lcan™ + Icwom™

FIGURE 5.8: Harmonic detection strategy for the cir-
culating current.

Based on the above findings, the harmonic de-
tection strategy can be depicted in Figure 5.8.
The detection strategy as mentioned before is
identical with the one followed for the output
current, with the band-pass filters being tuned
with the same bandwidth but different center
frequencies, as depicted in the figure on the
left hand side. An extra band-pass filter with
smaller bandwidth is also designed here to ef-
fectively remove the fundamental component

of the circulating current that may result from

the arm energy balancing controller. A DC component is also expected in the circulating current

due to the leg energy balancing controller, but this component is expected to be well attenuated

by the band-pass filter, so no action is taken hereby.

Just like in the harmonic output current case, the outputs of the harmonic detection are fed to

the harmonic internal current controller that is comprised by several resonant controllers tuned

at the respective frequencies. The resonant controllers are tuned as described in the previous

section.

5.3 Simulation Results

In this section, simulation results prove the validity of the aforementioned study in the mitigation

of current harmonics. In this simulation study, a harmonic current source is connected to the

PCCin order to emulate the behavior of a diode rectifier load that injects current harmonics in the
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power system. This current source is generating 5¢h, 7th, 11th and 13th harmonic components,

as can be seen in Figure 5.9.
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FIGURE 5.9: Load Harmonic Currents injected to the PCC.

Figure 5.10 depicts the three phase line currents. The output harmonic controller is enabled at
0.5 s. It can be seen that before that instance, the line currents are distorted due to the presence
of the non-linear load. The controller however compensates for the harmonic currents and after
0.5s the line currents have a significantly lower harmonic content. It should be noted that after
enabling the harmonic mitigation, the lower harmonics are fully compensated, while the 13¢h
order is not. If a higher bandwidth was chosen for the output current controller, then the complete

compensation of this component would be possible as well.

200 T
150 L Harmonic mitigation controller enabled _la,grid |
Iy grid
100 —i I
c,grid
—~ S0
z
g 0 7
13}
E
G -50 [ B
-100
150 F THD =91 % THD = 2.0 % i
-200 L
0.45 0.5 0.55

Time (s)

FIGURE 5.10: Line Currents when a harmonic current source is connected.

For completeness, the current flowing into the STATCOM is shown in Figure 5.11. It is clear that
the STATCOM even before enabling the harmonic mitigation controller, acts as a shunt filter, ab-
sorbing a big part of the harmonic load, due to its relatively low impedance. Furthermore, the
mitigation of the voltage harmonics at the PCC is crucial for the proper operation of the system.
A distorted voltage at that point will mean that all the other loads connected to the PCC will see a
distorted input. As it can be deduced from Figure 5.12, the voltage harmonics are well mitigated

by the introduction of the harmonic controller, resulting in almost sinusoidal voltages.
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FIGURE 5.11: Arm Currents when a harmonic current source is connected.
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FIGURE 5.12: PCC voltage when a harmonic current source is connected.

Since the system is balanced, the arm energy controller as well as the leg energy controller do not
inject any circulating currents in the system, and the expected circulating current is therefore zero.
In the previous section it was shown however, that the extra harmonics in the arm currents will
introduce an extra circulating current that may have an impact on the performance and efficiency

of the converter.
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FIGURE 5.13: Circulating current when a harmonic current source is connected.

The internal harmonic controller, as can be depicted in Figure 5.13, is mitigating the circulating

current harmonics, bringing the circulating current of all three phases to zero.



Chapter 6

Experimental Results

In order to prove the validity of the analysis of
the MMC controllers, extensive experimental re-
sults are presented in this chapter. The experi-
mental results were recorded in the MMC labora-
tory of Aalborg University, working with a small
scale MMC configuration, shown on the picture
on the right. The control of the setup was imple-
mented in dSPACE and the modulation technique
that was used throughout the experiments was the

basic sorting algorithm, as firstly presented in [46].

The output of the converter is connected to a three-
phase AC source through a 2.5 kV A transformer of
type Dyn11 with a turns ratio transformation equal
to 1/v/3. The parameters of the setup and the oper-
ating conditions of the experiments are shown on

Table 6.1.

This chapter is structured as follows. Firstly, the

FIGURE 6.1: The MMC prototype with four sub-
modules per arm in Aalborg University.

ability of the configuration to control positive and negative sequence reactive power is shown

in steady state. After this, the energy balancing controllers are validated and the improvement

in the performance of the converter with their use is highlighted. Finally, the ability of the con-

figuration to control high order current harmonics, using a relatively low switching frequency, is

62
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experimentally demonstrated and its ability to operate as an active filter while providing reactive

power is evaluated.

TABLE 6.1: Parameters of Experimental Setup

Description Symbol | Value
Rated Power (kVA) S 2.5
Operating AC RMS Voltage (V) Vac 150
Rated Submodule’s Voltage (V) Vsm 200

Operating Pole-to-pole Voltage (V) Ve 300

Submodule’s Capacitance (mF) Csm 4
Arm Inductance (mH) Larm 20
Number of Submodules per arm N 4
Transformer Turns Ratio n 1:vV3

6.1 Reactive Power Control

At first, the converter is injecting positive sequence reactive power to the grid, acting as a capaci-
tor. The pole-to-pole voltage is set to 300 V and the grid’s phase RMS voltage is set to 150 V. The
reference of the g-component current on the converter side, in positive sequence is then set to

*

iz = 6A resulting to a reactive power of approximately 1.2 kVA. It must be noted that the con-

verter is operated close to half of its rated power for safety reasons.

Figure 6.2 depicts the instantaneous active and reactive power as measured on the grid side. As
expected the converter draws a small amount of active power, in order to compensate for the
losses and keep the pole-to-pole voltage constant. Due to the absence of a negative sequence

component, the instantaneous active and reactive power are constant.
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FIGURE 6.2: Positive Sequence Reactive Power Control - p and q.



Chapter 6: Experimental Results 64

The three phase output currents in the abc - reference frame are depicted in Figure 6.3, as mea-
sured on the secondary side of the transformer. It should be noted that part of the distortion of
the current waveforms in all the experimental graphs is due to the insufficient sampling of the

dSPACE control desk, when recording the waveforms.
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FIGURE 6.3: Positive Sequence Reactive Power Control - Output Currents.

In Figure 6.4, the circulating current is depicted. As noted several times throughout the theoretical
analysis of the configuration, the expected circulating current when no active power is controlled,
is zero. However, a small second harmonic component is naturally expected as shown analyti-
cally in Chapter 5. This component can be noticed in the figure below. The circulating current

controller is disabled in this case as the current amplitude is very small.
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FIGURE 6.4: Positive Sequence Reactive Power Control - Circulating Currents.

Moving on, a negative sequence g-component current is injected under the same operating con-
ditions as before. The reference of the positive sequence d-component of the current is still pro-

duced by the pole-to-pole voltage controller while the other three current component references
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are introduced as:

+ _
I;=0
I;=0 (6.1)
I; =6A

Figure 6.5 depicts the instantaneous active and reactive power. The presence of the negative se-

quence results in large oscillations as expected by Equation 4.10.
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FIGURE 6.5: Negative Sequence Reactive Power Control - p and q.

Figure 6.6 shows the output currents injected to the AC source with the previously described con-
ditions. It can be noticed that phase-c leads phase-b as expected when negative sequence current

is controlled. It should also be noticed that the currents in this case are unbalanced.
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FIGURE 6.6: Negative Sequence Reactive Power Control - Output Currents.

Figure 6.7 depicts the circulating current when negative sequence current is injected. It can be
deduced that apart from the second order harmonic, the circulating currents of each phase con-
tain a DC component as well. It is very important however to note that this component is small in
comparison to the total current and therefore the total RMS value of the current is barely affected

by its presence.
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FIGURE 6.7: Negative Sequence Reactive Power Control - Circulating Currents.

To conclude the analysis, mixed positive and negative sequence reactive current is injected. The

reference of the positive sequence d-component of the current is still produced by the pole-to-

pole voltage controller while the other three current component references are introduced as:

+ _
I7=3A
I;=0 (6.2)
107 =3A

Figure 6.8 shows the instantaneous active and reactive power for this injection case. It can be

noticed that the presence of negative sequence produced large oscillations whereas the positive

sequence current is responsible mainly for the average value of the reactive power.
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FIGURE 6.8: Mixed Sequence Reactive Power Control - p and g.

Figure 6.9 shows the output currents injected to the AC source with the previously described con-

ditions.

Finally, the circulating currents of the three legs of the converter for the mixed sequence current

injection are shown in Figure 6.10. Once again the circulating current is composed by a small
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FIGURE 6.9: Mixed Sequence Reactive Power Control - Output Currents.

natural second order harmonic as well as a DC component due to the presence of the negative

sequence current.

—/\M/WW\/_icc
0.5 F

Current (A)
(=)

AN ANV IR VIR ANY AN ANV 4

0 0.02 0.04 0.06 0.08 0.1
Time (s)

FIGURE 6.10: Mixed Sequence Reactive Power Control - Circulating Currents.

6.2 Energy Balancing Controllers

In this section, the leg energy balancing as well as the decoupled arm energy balancing controller
will be verified through experimental results. The gains of the energy controllers are tuned in the

same way as was described in Chapter 3 of the report at hand.

Firstly, Figure 6.11 depicts the action of the leg energy balancing controller. It can be seen that
initially the difference between the total leg energies is very small as the mismatch between the
parameters of the converter is very small. However, after enabling the energy controller, the afore-

mentioned energy difference is eliminated.

After this, a step change of 10% is applied in phase-a as shown in Figure 6.11. The leg energies

of phase-b and phase-c are reduced accordingly as well in order to keep the total stored energy
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FIGURE 6.11: Leg Energy Balancing Controller - Wx.

of the converter constant. It can be deduced that the energy controller manages to exchange

power between the converter legs as expected, with the help of a DC component of the circulating

current.
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FIGURE 6.12: Leg Energy Balancing Controller - Circulating Current

Figure 6.12 depicts the circulating current at the moment of the step change. It can be deduced
that the leg energy controller imposes a positive DC reference in the circulating current of phase-
a and a negative one in phases b and c. After the energy of phase-a reaches its reference, the

circulating current of each phase returns to zero.

In addition to the above, the average value of the sum capacitor voltages of the upper leg, during
the energy change, are depicted in Figure 6.13. Initially the average total capacitor voltage of every
phase is equal to total pole-to-pole voltage (300V). When the energy step change is imposed, the

average value of the voltage of the capacitors of phase-a is increased, as expected.

Moving on, the decoupled arm energy balancing controller is tested experimentally. In Chapter 3,
it was shown that this controller can be used in order to exchange active power between the arms

of a specific converter leg without affecting the other legs. Any mismatches between the energy
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FIGURE 6.13: Leg Energy Balancing Controller - Sum capacitor average voltage (upper leg)
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levels of the arms can then be eliminated with the use of the first harmonic of the circulating

current.

Figure 6.14 depicts the energy difference between the upper and lower arm of each phase.
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FIGURE 6.14: Arm Energy Balancing Controller - Wj.

Initially, the controller is disabled and the energy difference between the arms oscillates. After

enabling the controller, the energy difference is controlled to zero as indented to, stabilizing the

system. After this, a step energy change of 5 J is applied between the arms of phase-a while at the

same time the energy difference references for phases b and c remain zero. As can be depicted

in Figure 6.14, energy is moved from the lower to the upper arm of phase-a without affecting the

other phases, proving the decoupling concept that was analyzed in Chapter 4.

Figure 6.15, depicts the average sum capacitor voltages of the upper and lower arm. It should be

clear that on the one hand the voltage of the capacitors follows the energy difference profile and

on the other hand, independent control of the voltage level of each arm can be achieved with the

developed controller.
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FIGURE 6.15: Arm Energy Balancing Controller - Sum capacitor average voltage (phase-a) .

6.3 Harmonic Injection

As highlighted in Chapter 5, it is usually required from a STATCOM to inject high ordered har-
monic currents to the grid in order to compensate for the existent harmonic currents present at
the PCC, caused by non-linear loads. One of the most important aspects of the MMC configura-
tion is its increased bandwidth that allows the control of higher ordered harmonics with relatively
low switching frequency. In order to demonstrate the aforementioned advantage of the MMC, in

this section the ability of the control system to follow a higher ordered harmonic current will be

exhibited.
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FIGURE 6.16: Harmonic Output Current Injection.

Figure 6.16, shows the performance of the current controller in the control of 5¢h, 7th, 11th and
13th order harmonic. It should be noted that in all cases, the magnitude of the injected current

shown is the maximum that could be controlled without saturating the voltage reference. The
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harmonic output current controller used is identical to the described one in Chapter 5, so no fur-
ther discussion is made hereby. From Figure 6.16 it can be deduced that the developed controller
follows with high accuracy the 5¢h and 7¢h harmonic order reference. The high accuracy is dete-
riorated in the 11¢k and 13tk case, due to the presence of oscillations in the reference that likely
result from oscillations of the pole-to-pole voltage. These oscillations can be noted in the figure

above. The result however can be considered sufficiently accurate.

6.4 Harmonic Compensation

In this section, the complete current harmonic compensation procedure will be applied, in order
to detect and compensate the high harmonics injected to the AC source by a diode bridge load,
as shown in Figure 6.17. The DC output of the load is connected to a resistive load of 200 Q. The

harmonic currents that are drawn by a diode rectifier were analyzed in [47].
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FIGURE 6.17: Schemmatic of experimental setup for harmonic mitigation.

The grid currents are sensed and fed to the MMC STATCOM control system. The detection of the
harmonic components is made in the dg-reference frame and the positive and negative compo-
nents are extracted with the appropriate rotation. After this, a second order Low-Pass-Filter (LPF)
is used to extract the DC component that corresponds to the desired frequency component in the

abc-reference frame.

The detection method as well as the refer-
e ence frame transformation however are usu-
ally associated with time delays arising from
the sampling frequency. In the work of [24] the
time delays are well explained. Moreover, the

trade-off between the filter’s response and its

FIGURE 6.18: Control System for the generation of
harmonic reference currents.
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attenuation is well-known [2]. These two ef-
fects on the detection method are discussed
in detail in [43], where a comparison of differ-
ent detection methods is conducted and the
limitations of the active filtering procedure are
highlighted. In order to compensate for the unavoidable errors, the output of the LPF is compared
with zero, which is the desired harmonic content in the grid currents. The formulated error is then
passed through a PI. The proportional gain is set to 1 while the integral gain can be set to a small
value in order to maximize the stability of the method and avoid unnecessary transients. In the
end, the integral part reduces the error by gradually eliminating the harmonic components of the

currents, provided that the output current controller can follow the reference with precision.

Figure 6.19, depicts the currents of phase-a when no compensation is applied. The STATCOM in
this case operates at 1.1kV A, injecting 5A current to the grid. Due to the high impedance of the
MMC, the harmonic currents flow mostly towards the grid side, resulting in a huge distortion of

26%.
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FIGURE 6.19: Currents without harmonic compensation.

Figure 6.20, depicts the current waveforms after the application of the compensation. It can be
seen that the STATCOM currents are now distorted, while the THD of the grid currents has been
reduced to 9%. The switching frequency in this case was measured (sorting algorithm) to be ap-

proximately 1 kHz.

A comparative graph in Figure 6.21, depicts the grid currents before and after the application of

the harmonic compensation in the time domain.

Finally, Figure 6.22 depicts the result of the Fast Fourier Transformation of the grid current wave-
forms before and after the application of the harmonic compensation. It can be deduced that the

injection strategy eliminates completely the 5th, 7th, 11th and 13th component.



Chapter 6: Experimental Results

73

Current (A)

Current (A)

10 | THD ~ 9%

—Istatcom

—1 Load

Current (A)
(=}

-5

.10 F i
15 1 1 1 1

0 0.02 0.04 0.06 0.08 0.1

Time (s)
FIGURE 6.20: Currents with harmonic compensation.
15 T
_i“nd (without compensation)

10k THD ~ 9% _ignd (with compensation)

THD ~ 26%
-10 i
15 I I I I
0 0.02 0.04 0.06 0.08 0.1
Time (s)
FIGURE 6.21: Grid currents comparative graph.
35 :
_ign " (without compensation)
3+ _ig”d (with compensation) H
25 8
Sl J
15 - 8
L J
05 A A 1
0 ‘ a A A A
0 200 400 600 800 1000

Frequency (Hz)
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Chapter 7

Conclusions and Future Work

In this final chapter of the report, the conclusions of this work are drawn and future work pro-
posals are suggested. The conclusions summarize the main outcomes of the conducted research
since these are the points that the reader should focus on. The time limitations that unavoidably
exist in semester projects did not permit a more detailed analysis and therefore research proposals

are suggested for future researchers on the topic.

7.1 Conclusions

Some of the main conclusions of the Thesis are listed hereby:

= Initially, a comparison between the losses and associated costs in the development of a
large scale STATCOM with full negative sequence control capability, showed that the DS-
HB configuration, despite the higher initial cost, proves to be beneficiary in comparison to

the commonly used SD-FB.

= The inclusion of the energy balancing controllers facilitated the independent control of
each arm’s voltage levels, which might prove to be useful in certain applications. Never-
theless, the internal control scheme that was developed, is able to eliminate any possible
energy level differences that may arise due to the unavoidable mismatches of the system’s

parameters (device parameter spread, aging of equipment, manufacturing spread etc.).

* An intuitive method to implement a decoupled arm energy controller was presented. The
inclusion of this particular controller improved greatly the performance of the experimental

setup, as can be seen in Figure 6.14.

74



Chapter 7: Conclusions and Future Work 75

= The current controller was developed with the use of PR-controllers. This proved benefi-
ciary in the control implementation since the developed controllers can track down a si-
nusoidal signal with a certain frequency regardless of its sequence, something that reduced

greatly the complexity of the control system.

» The proposed internal balancing control scheme was proven via simulations efficient in
keeping the MMC balanced when asymmetrical grid faults arise. In the worst case scenario
of a single line-to-ground fault, the necessity of energy balancing controllers was depicted

in Figures 4.16 and 4.17.

» An improved injection strategy during asymmetrical grid faults was studied. The injection
strategy takes the effect of the inevitable zero sequence voltage component into account, in
contrast to the previous studies and tries to keep the phase voltages within their specified

limits.

= A connection between the harmonics of the output current and its effect on the circulating
current was established in [15]. When the STATCOM is used as an active filter for harmonic
compensation, the findings of the study should be taken into account in order to minimize
the effect of the circulating current harmonics on the system’s efficiency. These findings

were backed via analytic calculations and simulations in Chapter 5.

= In the experimental part, the efficiency of the MMC in mitigating higher ordered current
harmonics with a relatively low switching frequency was demonstrated. The increased band-
width of the MMC due to its modularity allowed for the control of current harmonics up to

the 13th order, demonstrating great performance as shown in Figure 6.22.

7.2 Future Work

The present Thesis investigated internal and external unbalanced conditions. However, external
unbalances due to voltage sags and AC grid faults were not tested experimentally. This is ob-
viously one of the most important research topics. Despite the fact that the simulation results
indicate that the proposed MMC control strategy can ensure the internal balance of the setup,
experimental tests should take place in order to indicate possible problems related to the internal

balance.

Furthermore, due to the high value of the arm inductance used in the experimental part, the cir-

culating current was inevitably very low, as shown in Chapter 6. This is of course one desired
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characteristic for a real application but for research purposes, tests in a setup with a lower arm

inductance could prove useful from an academic point of view.

Last but not least, the current Thesis used time averaged models to describe the dynamics of the
system. However, the modulation technique is of major importance in an MMC system, mainly
due to the fact that it can be set to be much lower than in conventional topologies without com-
promising the efficiency of the control system. Nevertheless, important details are left out of
the current analysis and their inclusion could give further insight of the operation of the control

scheme and the dynamic performance of the system.



Appendix A

Review of STATCOM technology

A.1 STATCOM Operating Principle

STATCOM belongs to the general family of dynamic shunt compensators and is currently the most
widely accepted and reliable way for controlling and compensating the reactive power present in
utility power grids. Its operation is based on the theory of Voltage Source Converters. STATCOM
controls the reactive power by controlling the amplitude and the phase of the voltage at its output

and therefore it does not use any passive component (capacitor/reactor banks) [11].

Ideally STATCOM controls reactive current in such a way that reactive power is exchanged be-
tween the phase legs without transferring any active power. For simplicity, the converter can be

seen as an ideal voltage source behind and inductor connected to the grid as shown in Figure A.1.

FIGURE A.1: Simplified STATCOM Schemmatic.

The resulting power equation at the grid end is given by:

Vg
Q= ﬁ(vconCOSG_ Vg) (A.1)
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The voltage of the grid V; is taken with a reference phase angle and 4 is the angle of the converter
voltage vector. The phase angle difference is responsible for the active power flow between the
two voltage sources whereas the difference of the magnitudes of the converter voltage V.., and
the grid’s voltage Vy is responsible for the reactive power flow. When V,,, is in phase with the

grid’s voltage Equation A.1 is simplified:

Vg
Q= E(an - V) (A.2)

From this equation it is easy to see that depending on the amplitude of the converter’s voltage,
STATCOM can either produce reactive power, acting as a capacitor (V,, > Vg) or can absorb re-
active power acting as an inductor (V¢,,, < Vg). When these two voltages are equal then there is no
exchange of reactive power whatsoever. The vector diagrams below show this operation in a more

comprehensive way.

lg
Ve Vg T Vg Ve
> D> > >

Inductive Operation Capacitive Operation

FIGURE A.2: STATCOM simplified vector diagram.

A.2 Popular Multilevel Converter Topologies

Two of the most widely discussed multilevel topologies in literature are the Diode Clamped Multi-
level Inverter (DCMLI), which is also called Neutral Point Clamped Converter (NPC) when only 3
levels are used, and the Flying Capacitor Multilevel Inverter. Both of these topologies are capable

of producing high quality ac waveforms. An analytic comparison can be found in [12].

The DCMLI topology splits the total DC voltage in multiple stages depending on the number of
levels used (N-1 voltage stages for N levels). The blocking voltage of each devices is clamped by
diodes as shown in the relevant schematic below. One reported advantages of this topology is its

ability to control negative sequence reactive power and therefore support the grid during fault
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conditions [3]. On the other hand, the number of power devices used is increasing due to the

clamping diodes that are used.
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FIGURE A.3: DCMLI Structure [3].

The FCMLI uses multiple capacitors on the

DC link side, depending again on the num-

ber of levels that are used. The capacitors
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duced AC waveform [12]. In contrast to the _:‘

DCMLI topology, the FCMLI topology ensures
the clamping of the voltage of each power de- FIGURE A.4: FCMLI Structure [3].
vice with the use of the capacitors, so it does

not require clamping diodes. Furthermore, the topology has the ability as well to control nega-

tive sequence current. However, when low switching frequency is used, the size of the capacitors

increase.

A.3 The MMC family

As noted in the introduction, the MMC family is usually classified in four different configurations:

= Single Star Full-Bridge (SS-FB)
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= Single Delta Full-Bridge (SD-FB)
= Double Star Half-Bridge (DS-HB)

= Double Star Full-Bridge (DS-FB)

This report focuses on the Double Star Half-Bridge configuration but at this section a small dis-
cussion of all the configurations will take place. It should also be noted that these configurations

can be found in the bibliography with different names.

Starting from the Single Star Full-Bridge, its structure can be depicted in Figure A.5. This configu-
ration is utilizing a chain series of H-bridges, per each leg, while the three phase legs are connected
in star. As can be seen in the figure, an arm inductor is used to connect each phase to the grid, in

the PCC.

FIGURE A.5: Single Star Full-Bridge Structure.

One major disadvantage related to the operation of this configuration is that it needs the inser-
tion of a zero sequence voltage equal to the phase voltage, when a negative sequence current is
present, regardless of the amplitude of this current [48]. In order to be able to generate negative
sequence current therefore, the converter’s voltage rating has to be doubled [35]. This characteris-
tic makes it unsuitable for modern STATCOM applications, where there is the need for controlling
both the positive as well as the negative sequence reactive current. However, due to its high prac-

ticability, this configuration finds many applications in modern FACTS [3].

The Single Delta Full-Bridge (SD-FB) configuration is depicted in Figure A.6. This configuration is
comprised by multiple Full Bridge cells connected in series, forming a delta branch. The connec-

tion to the PCC is achieved through a common mode inductor.

Similar to the SS-FB configuration, the SD-FB requires over-rating of the converter in order to
achieve control of negative sequence reactive power [35]. In this case however, the current’s rating
should be increased according to the needs, since a zero sequence current needs to be injected to

control the possible unbalance. In contrast to the SS-FB case, the amplitude of the injected zero
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FIGURE A.6: Single Delta Full-Bridge Structure.

sequence current is proportional to the amplitude of the negative sequence current. Therefore,

the needed current depends on the unbalance. Nevertheless, in order to control a 1pu negative

sequence current with this configuration, an injection of 1pu zero sequence current is needed.

This current will be circulating inside the delta connected branches, increasing the current flowing

through the power devices.
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FIGURE A.7: Double Star Half-Bridge Structure.

As mentioned before, the focus of this report
lies on the Double Star Half-Bridge (DS-HB)
configuration which is depicted in Figure A.7.
In this configuration, multiple half bridge cells
are connected in series to form an arm. The
topology is consisted of six arms in total, one
upper and one lower arm per phase. The arms
are connected through an arm inductor to the

PCC and to the grid.

An advantage of this configuration that makes
it attractive for STATCOM applications, is the
fact that it can control the full negative se-
quence current (1pu) without the need to
over-rate that converter’s voltage or current.

This is due to the presence of the circulating

current, that flows between the converter’s legs and exchanges energy between them. In this way,

this zero-sequence current with proper control strategies, can be used to balance possible unbal-

ances between the cells.
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Finally, if the half-bridge modules are replaced by H-bridges, the DS-HB configuration becomes
the DS-FB configuration. This configuration combines the advantages of the previous ones but is

usually associated with high development cost and low practicability [3].



Appendix B

Symmetrical Components Theory

According to basic symmetrical components
theory, during asymmetrical conditions, ev-
//v ery voltage or current can be expressed as a
2 :
. combination of positive, negative and zero se-

quence vectors [48]. These vectors are indi-

. cated and defined according to Figure B.1. The
FIGURE B.1: Symmetrical components.

positive sequence phase voltages are can be
written as in Equation B.1, taking the angle of

the positive sequence phase-a voltage as a reference.

Uap = V*t.cos(wr)
Upp = V*.cos(wt— %”) (B.1)

Ucp = V*.cos(wt— %”)

In the general case, the negative sequence components have a different amplitude and are phase

shifted with respect to the positive sequence, as shown in Figure B.1.

Ugn =V -coswt+0,)
Upp =V~ -cos(wt— 4?” +0,) (B.2)

Uen =V -cos(wt— %” +65)

It should be noted that the positive sequence voltage vector is rotating in counter-clockwise di-

rection whereas the negative sequence voltage vector in clockwise direction based on the above
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definitions. Finally, the zero-sequence set of voltages is expressed as in Equation B.3.

Ugo = Vo-cos(wt+6)
Upy = Vo cos(wt +6y) (B.3)

Ugo = Vo-cos(wt+6y)

The three phase voltages can then be expressed as a combination of the positive, negative and

zero sequence components as follows:

b (B.4)

By proper projection of the vectors and introducing the operator a = ll%pi the phase voltage

vectors can be expressed as a function of the sequence components in matrix form:

v, 11 1| |V
Vy =12 a 1|| Van (B.5)
70 a a® 1 Vao

After mathematical manipulations, and since the matrix in Equation B.5 is invertible, the symmet-

rical components can be expressed as a function of the phase voltages in matrix form as shown in

Equations B.6, B.7, and B.8.

The positive sequence components are shown in Equation B.6:

Vap 1 a a? Va

Vp =212 1 a|]| V) (B.6)
ch a a®> 1 Vc

T,
Proper manipulation and solving for negative sequence components yields:

Van 1 a® «a Va

- 1 -

Vin |[=3a 1 a| | Vy (B.7)
70,, a’? a 1 VC
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Finally, the zero sequence components could be expressed as:
Va0 11 1) ]| V,
— 1 —
Vo =31 1 1 Vb (B.8)
Ve 11 1|]| V.
— ——
Ty
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Abstract— Among the various multilevel converter topologies
used in medium and high voltage grid applications, the Modular
Multilevel Converter (MMC) has been the most promising since
it combines good harmonic performance with low switching
frequency and high reliability. A major concern however for
inverter designers has been the associated cost due to the need for
a large number of power devices and capacitors.

This paper focuses on the application of MMC in
transformer-less STATic synchronous COMpensators
(STATCOMs). Initially, the double-star half bridge (DS-HB) and
the single-delta full bridge (SD-FB) configurations are presented.
Their specific components are designed in an analytical way
followed by loss estimation. Finally, a comparison of the
necessary components gives an insight of the total cost associated
with each configuration.

Keywords— MMC STATCOM, HVDC, losses analysis, cost
comparison

I. INTRODUCTION

Medium voltage and high voltage grid applications require
the use of power devices with high blocking voltage capability.
However high power devices are not commercially available
for voltage ratings higher than 6.5 kV [1]. One possible
solution would be the use of a transformer connected to the
output of the inverter. These transformers are usually expensive
and bulky, increasing significantly the cost of the system [1].
Consequently, multilevel topologies appear as the most
promising solution for grid applications.

Among the various multilevel topologies that have been
researched, the Modular Multilevel Converter (MMC) is
considered as the next generation converter for medium and
high voltage grid STATCOM applications. It combines
excellent harmonic performance and low switching frequency
with high reliability and design flexibility. In addition, high
power quality is a major concern nowadays with the grid codes
requiring efficient control of both positive-sequence and
negative-sequence reactive power. In particular, the control of
negative sequence reactive power is a crucial power quality
requirement when non-linear loads, like arc furnaces, are
present.

The MMC family is usually classified into four different
configurations, described thoroughly in [2]:

e  Single-Star Full Bridge (SS-FB);

¢  Single-Delta Full Bridge (SD-FB);
e Double-Star Half Bridge (DS-HB);
e Double-Star Bridge Cells (DS-FB).

The SS-FB configuration’s ability to control negative-
sequence reactive current is limited by the voltage rating of the
converter, since it requires the injection of a zero-sequence
voltage equal to the phase voltage [3]. This need for
overdesigning the voltage rating by a factor of two makes it
unsuitable for modern STATCOM applications. In addition,
the DS-FB, despite its superiority over the other configurations,
is usually not recommended due to the large number of power
devices needed and its low practicability [1]. On the other
hand, the SD-FB and the DS-HB appear as very attractive
solutions for STATCOM applications due to their ability to
control both positive and negative sequence reactive power in a
large operating range [2].

In this paper, the SD-FB and DS-FB configurations will be
initially presented and their components will be analytically
designed for a STATCOM application that is able to control /
pu negative-sequence reactive power. A loss calculation will
follow, based on the power device manufacturer’s datasheets.
Finally, a comparison of the necessary components and the
associated capital and operational expenditures will take place.
The final purpose of this work is to point at the preferred MMC
configuration choice for large utility grade STATCOM
applications.

II. MMC CONFIGURATIONS

The SD-FB configuration in a STATCOM application was
evaluated in [4]. The complete circuit configuration is shown in
Fig. 1, where the MMC is connected through the inductors Lac
to the three-phase grid. Multiple single-phase H-bridge cells
are cascaded to form a branch. The three branches are
connected in a delta configuration through the coupled
inductors Lcv. As mentioned in the introduction, one
advantage of this configuration is that the circulating current
can be used to allow energy exchange between the phase legs

978-1-5090-2320-2/16/$31.00 ©2016 IEEE



and thereby can be used under unbalanced conditions.
However, this configuration can only control the full negative
sequence reactive power (/pu) when it is designed for a current
rating of 2 pu, since a zero-sequence component current equal
to the negative sequence injected current, needs to circulated
between the delta connected branches [5].

Fig. 2 depicts the DS-HB configuration in a STATCOM
application. In this case, multiple bidirectional chopper cells,
are cascaded to form a converter arm. The upper and lower
arms of each phase are connected through two arm inductors to
the PCC. The performance of this topology was evaluated in
[2]. As in the SD-FB configuration, the presence of the
circulating current makes the DS-HB configuration very
attractive for STATCOM applications. Furthermore, in contrast
to the SD-FB, the DS-HB can be used to control the full
negative-sequence reactive power (/pu) without increasing the
conduction losses of the system and without the need to over-
design the converter’s components. The circulating current
between the converter legs for this configuration is negligible
in comparison to the negative sequence current that is injected.
Thus, the total arm current is not a function of the negative
sequence current as in the SD-FB topology.

Figure 1: Single Delta — Full Bridge STATCOM configuration

00O

Lurm

| |-
-

& Va
Vb

Ve

:

Figure 2: Double Star — Half Bridge STATCOM configuration

III. TOPOLOGIES DESIGN
A. Number of submodules

Although in both studied topologies, no physical dc-link is
present, the methodology used in traditional 2L-VSC can be
adapted. The necessary effective dc-bus voltage is calculated
and it is divided by the submodule’s (SM) capacitor voltage,
obtaining the number of SM per arm/branch.

The calculation of the minimum dc-bus voltage is based
on the following points [1]:

e Output impedance of STATCOM is considered 8 % with a
variation of 5 % around this value;

e  Grid voltage can change 5 %;

e DC-bus voltage presents in the worst case 10 % of ripple
and a constant error of 3 % in steady-state.

Based on these assumptions, the maximum voltage
synthetized by the STATCOM is given by:

V, = 1.05x (1+0.08 x LO5)V, = 1.139Y, (1)

where I} is the line voltage synthetized by the STATCOM and
V; is the PCC line voltage. Considering a modulation factor
equal to 1.104 [1], for delta topology:

V2V,

_ 2
Amex = 1104+ (0.97 = 0.1)Vgen @

where A4, is the maximum modulation index of the
converter. For Double-Star topology, the maximum modulation
index is defined as:

L2 V2V, 3)
max = 731104 - (0.97 — 0.1)Vge oy

Considering the IGBT’s switching frequency equal to 360
Hz and 1.5 ps for the minimum on-time and dead-time, it is
possible to obtain a maximum modulation index of A4, =
0.9968. Therefore, the dc-voltage necessary for each topology
is:

VdC,A = 55.45kV (4)

Vaepy = 64.16 kV. )

An Infineon IGBT part number (FF600R17) of 1.7kV-
600A, is chosen for this application. The operating voltage is
chosen to be 0.9kV [6], and 10% of SM redundancy is added
[7]. Thus, the number of SM per branch in Delta topology is:

N, = 68, 6)
and the number of SM per arm in Double-Star topology is:
NDY =79. (7)



B. Capacitor design

The cell capacitance selection is a trade-off between sub-
module voltage requirements and capacitor size. The total cell
capacitance is generally defined between 30—45 kJ per MVA
of converter, and a methodology to calculate the capacitance
value, based on energy storage requirements is presented in [8].

For delta topology, the methodology proposed by [1] is
used. The dc bus voltage ripple becomes maximum when a
purely reactive current flows. Therefore:

T

z . 1
f VrmslrmsSln(zwt) = E C(dec,Amax - dec,Amin) ®)

0
where Vs is the RMS value of the ac voltage per submodule
and I.,s is the RMS current. This way, the submodule
capacitance can be calculated by:

- Vrms I rms
2(‘)Vdcsm,AAVdc,A

Caca ©)

Considering the converter’s parameters shown in Table I,
the SM capacitor value in Delta topology is C4.a = 38.5mF.
For Double-Star topology, reference [6] proposes a
methodology based on minimum storage energy requirements.
Thus, the submodule capacitance can be determined by:

2NE,,m 10)

Cdc,ZY = V2
dc,DY

where E,,,,, is the nominal energy storage per arm.

Considering the system injecting nominal reactive power
into the grid with the maximum modulation index, the required
nominal energy storage in the converter per transferred VA is
approximately, 42 kJ/MVA [8]. This way, the nominal energy
storage by arm is given by:

42kj/MVA-100MVA
Enom = 6

=700kJ 3)

Using this value of nominal energy storage by arm, the
necessary capacitance per submodule is found to be C4. py =
26.2mF.

C. Inductor design

In MMC topologies, inductors are placed in the converter

arms to suppress transients in the circulating [9] and limit fault *

currents [10]. For grid-connected applications, suitable values
of the arm inductors could very well be in the range of 0.1 p.u.
In DS-HB topology a value of 28 % for the arm inductor is
chosen, as used in [8]. In SD-FB topology, a common mode
inductor of 37 % is used while the ac link inductor is 8 % [4].

IV. LOSSES ANALYSIS

At this point, an estimation of the switching losses will be
made for the configurations that were designed in the previous
sections. The devices are considered to be operating with a
junction temperature of 125°C. The gate resistance is
considered to be 1 Q and the gate bias is £15 V.

L

The loss estimation is based on a simple model that takes
into account the instantaneous current flowing through the
submodule and data found in the device datasheet, as shown in
Fig. 3. It should be noted that in the case of the SD-FB,
unipolar PWM is considered.

The IGBT’s voltage drop as well as the diode’s forward
voltage drop is expressed as a function of the current, resulting
in the total conduction losses of each cell as shown in Fig. 3.
Similarly, the turn on and turn off along with the reverse
recovery energy losses are expressed as a function of the
current, resulting in the switching losses of the IGBT and
diode respectively [6]. Due to the symmetry ensured by PS-
PWM, the result can be extended for all the submodules. The
current is considered to be sinusoidal, leading 90° the phase
voltage.

TABLE 1. SPECIFICATIONS OF MMC INVERTER

Topologies

Description DS-HB* SD-FB®
N Number of SM 79 (\arm) 68 (\branch)
Ce SM capacitance (mF) 26.2 38.5
Lam Arm inductor ?278;25)1 -
Lem Common mode inductor - (6;7‘021 It:;
L, AC-link inductor - 1.4 mH (8%7b)
S Rated power (MVA) 100 200
Vsm Sub-module voltage (kV) 0.9 0.9
fow Switching frequency (Hz) 360 360
f Grid frequency (Hz) 50 50
fioe Eg:ﬁ;‘;fy i) switching | 56 o 48.96
Viria Grid voltage (kV) 33 33
I, Injected nominal current 1750 3500
Ism SM RMS current (A) 875 2020
IGBT IGBT in parallel 2 4

433kV, 100MVA, and 50-Hz base; b 33kV, 200MVA, and 50-Hz base;
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» Vil
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Figure 3: Model Based Loss Estimation
The switching losses depend on the operating conditions

and the amount of negative sequence current injection. As
noted before, the DS-HB uses a small amount of DC



circulating current in order to control the negative sequence
current. This means that in all cases, / pu power is translated
into / pu current for the DS-HB configuration. On the other
hand, the SD-FB configuration requires the injection of a zero
sequence component equal to the amount of negative sequence
current [5], increasing the switching losses. Table II depicts
the losses when / pu positive sequence reactive power is
exchanged with the grid.

TABLE II. LosS COMPARISON FOR /PU POSITIVE SEQUENCE
INJECTION
Conduction Losses Switching Losses LToostsaeIs
(kW) (kW) ps
DS-HB 750.8 141.6 892.4
SD-FB 782.9 272.1 1055

Table II shows that even when no negative sequence
current is exchanged, the efficiency of the DS-HB
configuration is slightly higher (99.11% instead of 98.96%)
than the SD-FB. This is however normal since the SD-FB
converter was overdesigned by a factor of two in order to be
able to control full negative sequence reactive power.

Fig. 4 breaks down the losses into IGBT and diode losses
for the two configurations. The conduction losses are similar
in both cases, but due to the higher number of IGBT and diode
parts, the amount of the devices that switch is higher in the
SD-FB configuration, leading to higher switching losses.

1200
1000 +————— -  mDiode Switch.
— Losses
= 800 +— - .
< 1 IGBT Switch.
E; 600 - Losses
Q
g .
& 400 - H Diode Cond.
Losses
200 - H IGBT Cond.
Losses
0 -
DS-HB SD-FB

Figure 4: Losses of IGBT and Diode comparison for 1 pu
positive sequence reactive power injection.

In Fig. 5 the switching losses of the two compared
topologies are shown as a function of the negative sequence
reactive power Q,,, respecting always that the total exchanged
reactive power is: Q, + @, = 1pu, with Q, being the
positive sequence reactive power.

As can be deduced by Fig. 5, the total losses in the case of
the DS-HB are independent of the amount of exchanged
negative sequence reactive power, due to the negligible
circulating current that is needed in order to keep each phase

balanced. On the other hand, the total current needed in the
SD-FB is increasing linearly with the increase of the negative
sequence reactive power. As a result, the conduction losses
increase, reducing the efficiency of the converter system.
Particularly in the case of 1 pu negative sequence reactive
power, the efficiency of the SD-FB configuration drops to
approximately 98%. It should be noted that this analysis
accounts only for the losses of the switches and does not take
into consideration the losses on the arm inductors, which are
considered to be ideal.
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Figure 5: Loss Comparison as a function of Q.

Concluding the loss analysis section, Table III depicts the
losses when [/ pu negative sequence reactive power is
exchanged with the grid. As expected the high current results
in almost double losses for the SD-FB configuration.

TABLE IIL. L0osS COMPARISON FOR FULL NEGATIVE SEQUENCE
INJECTION
Conduction Losses Switching Losses LToostsaeIs
(kW) (kW) kW)
DS-HB 750.8 141.6 892.4
SD-FB 1596 285.6 1881.6

V. COST ANALYSIS

In this section, an estimation of the total cost of the two
compared configuration will take place. The total cost will be
broken down to capital expenditure (CAPEX) and operational
expenditure (OPEX). The initial cost is based on the number
of components required and the price per part number. For the
current analysis the cost of the power electronic modules as
well as the price of the capacitor banks will be considered,
since all the other components are considered to account only
for a small percentage of the total cost.

An overview of the most important components that each
configuration utilizes is shown in Table IV. The DS-HB
requires less power modules but on the other hand has greater
energy storage requirements. For the completeness of the
analysis, the number of gate driver units, current sensors and
voltage sensors is also included, although these components
only account for a minor part of the total cost.

For a more detailed evaluation of the cost, the capacitors
have to be chosen carefully for each configuration. As pointed



out in the section III.B, the two configurations were designed
with low cost power modules. This choice however has led to
large energy storage requirements, making the capacitor cost
dominant. It should be clarified that in this paper [ unit is
equivalent to /000 £. From now on, all costs will be measured
in units.

TABLE IV. SPECIFICATIONS OF MMC INVERTER
Quantity
Component
DS-HB SD-FB
IGBT 1896 3264
Gate Drive Unit 948 816
Capacitor [kJ] 4200 3183
Current Sensor 6 3
Voltage Sensor 3 3

Aluminum Electrolytic Capacitors are chosen for this
application [11]. The rated voltage of the chosen capacitors is
500 V so two of them need to be connected in series. The
resulting capacitance drops then to 3.4 mF. For the DS-HB
configuration 16 capacitors are required per submodule while
for the SD-HB configuration 22 of these capacitors are
required per submodule. The initial cost per submodule is then
normalized and calculated as shown in Table V.

TABLE V. COST PER SUBMODULE
Quantity
Component
DS-HB SD-FB

Module Cost 0.48 1.92
(units)
Capamtor Cost 1.4 1.93
(units)
Total Cost 1.88 2.85
(units)

In the case of the SD-FB, it is worth noting that the
development cost of one submodule is shared equally between
the cost for the power module and the capacitors, despite the
fact that low cost power modules were used. On the other
hand, in the DS-HB configuration, the capacitor cost is by far
the dominant one.

Fig. 6 gives an insight of the capital expenditure of the
two configurations as well as the cost distribution between the
power module and the capacitors for each case. It is very
interesting to notice that the DS-HB configuration despite the
significantly lower power device cost, resulted in
approximately 14% higher CAPEX due to the high energy
storage requirements that account for 75% of its CAPEX.

The operational cost, especially for large utility grade
applications, is significant. The analysis of the operational cost
(OPEX) will be based on the cost per kilowatt-hour along with

the operational losses. In the case of the DS-HB the
operational cost is independent of the amount of negative
sequence injection while the SD-FB operational cost will
increase linearly as the negative sequence reactive power is
increased.

1000
800
2 600 u Capacitor Total
‘= Cost
-
400 ® Module Total
Cost
200
0 .
DS-HB SD-FB

Figure 6: Total capital expenditure comparison of the
discussed configurations.

The average price per kilowatt-hour is taken according to
official statistics for 2015 for the countries inside the
Eurozone (~0.12 €/kWh) and is then converted to units. The
expected lifetime of the converter system is assumed to be 10
years of operation with the rated power and a duty factor of
10%.

Fig. 7 adds the operational cost (OPEX) of the two
configurations to the previously extracted capital expenditure
(CAPEX). In this graph the STATCOM is assumed to be
providing only positive sequence reactive power which is the
best case scenario for the SD-FB configuration.
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Figure 7: Total cost comparison of the discussed
configurations for 10 years operation with rated power.

It is clear in Fig.7 that the higher losses in the SD-FB
configuration increase the operational cost that finally even
with the best case scenario of injecting only positive sequence
current, the total cost of this configuration is slightly higher in



comparison to the DS-HB converter. A more realistic scenario
of injection would result in further increase in the operational
cost of the DS-FB converter, as discussed previously.

Finally, Fig. 8 shows the total cost in units as a function
of the time in years for both configurations. It can be seen that
in the best case scenario when only positive sequence injection
is considered, the DS-HB becomes more profitable after
approximately 7.5 years of operation.
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Figure 8: Total cost comparison per year.

VI. DISCUSSION

In this paper, an in depth comparison of the DS-HB and
SD-FB configuration in their application as large utility grade
STATCOMs, able to control / pu negative sequence reactive
power, was made. It should be highlighted that the current
analysis used a low-cost 1.7kV commercial IGBT. These
devices are known for their low price/MVA ratio, their low
switching times that allow higher maximum modulation
indexes and lower switching losses in comparison to their MV
counterparts. On the other hand, this choice leads to the need
for large capacitors that as shown in the cost analysis section,
dominate the capital expenditure of the discussed topologies

A final evaluation of the two topologies in terms of losses
and cost is shown in radar diagram form in Fig. 9 that follows.
In this Figure, PSI stands for positive sequence injection and
NSI for negative sequence injection.

Figure 9: Performance evaluation of the discussed
configurations

Based on the conducted analysis it can be concluded that
the DS-HB is the preferred topology for a STATCOM

application when the full negative sequence current needs to
be exchanged with the grid. Finally, it should be highlighted
that many components that are associated with the CAPEX
were left outside of the cost analysis and may significantly
increase the initial cost. The exact estimation of the total cost
however was outside of the scope of this paper that aimed to
compare the discussed topologies.
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Abstract—Modular Multilevel Converters are emerging and
widely used in HVDC applications. However, the submodule
capacitors are still large and the energy balancing under un-
balanced conditions is a challenge. In this paper, an analytical
model focusing on the energy stored in the capacitors and voltage
variations is utilized in order to achieve better performance. By
injecting a second order harmonic component into the circulating
current, the energy variation and consequently the capacitor
voltage ripple is reduced allowing for a capacitor size reduction.
At the same time, an arm energy balancing controller has been
proposed which uses the first harmonic of the circulating current
in order to keep the energy balance of the leg under internal
unbalanced conditions.

Keywords - Modular Multilevel Converter(MMC), High-
voltage direct-current(HVDC), capacitor voltage ripple, circulat-
ing current, arm balancing, second harmonic injection, energy
controller.

NOMENCLATURE

The upper and lower arms of the converter in Fig.1, are
denoted with the subscripts u and [ respectively. An expression
which is valid for either of the arms is denoted with the
subscript u, [.

M Number of phases

m  Phase index for phases a,b,c
Lyrm Arm Inductance

R, Parasitic arm resistance
vg DC-link voltage

ig DC-link current

ty,; Arm currents

is Output current

1. Circulating current

vs  Output voltage (driving )
v. Internal voltage (driving i.)
w Fundamental angular frequency
¢; Load angle

tc1m fundamental frequency component of 7.
tcam second harmonic component of i,
Avczul Arm voltage ripple

I. INTRODUCTION

Modular Multilevel Converters (MMCs) have gained re-
searcher’s attention due to their ability to handle high voltage
and power ratings. VSC HVDC is getting increasingly impor-
tant for integrating renewable energy sources such as large off-
shore wind farms, providing flexible interconnection between
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two weak AC grid network using back-to-back configuration,
or simply transmitting power using underground cables [1].

MMCs provide several advantages in comparison to the
conventional converter systems, featuring modular design,
high efficiency and low harmonic distortion at the output side.
Analytical investigations have been carried out notifying the
effects of the internal dynamics of the MMC, specifically on
the sum capacitor voltages and circulating current as well
as on the output leg power [2] [3]. An important point to
consider is the circulating current within each phase-leg of
the MMC, which if it is not properly controlled, it can have
adverse impact on semiconductor ratings, losses as well as on
the magnitude of the capacitor voltage ripple.

This paper focuses on an cost effective approach of reducing
the capacitor voltage ripple. A strategy of injecting an AC
second harmonic component in the circulating current is
proposed to ensure the reduction of energy variation between
the upper and lower arm. An arm balancing strategy is also

Positive
pole

Grid

Negative i
pole

Fig. 1: Three-phase schematic of MMC.

implemented to effectively keep the system balanced under
unbalanced conditions.

978-1-5090-2320-2/16/$31.00 (©2016 IEEE



II. BAsIcS OF MMC

An MMC consists of several series connected submodules,
that can be referred as cells, as it is illustrated in Fig.1. There
are two arms per phase, which are referred as the upper and
lower arms. The upper arms of the M phases are connected to
the positive pole and similarly the lower arms are connected to
the negative pole of the DC link. The arm inductors installed
on each arm of the MMC functions as a filter to attenuate the
high-frequency harmonics in the arm currents and to limit the
rate of current rise during faults. [1].

The symmetric configuration yields:

Vg

Vdu = Vdl = < (D

and as shown in Fig.2 the output and circulating current are

defined as:
. Ty +1
and g, =+t 2)
2

By manipulating the above introduced two equations a rela-
tion between the arm currents with the output and circulating
currents can be deduced as:

i =iy — i

iu:%s—i—ic and il:—%s—kic 3)

vdu—/ ch\

vdl =

Ty

Fig. 2: Average Model of MMC

Under balanced conditions, in order to obtain a constant DC
bus voltage and to keep the converter losses and RMS value
of the arm currents low, the mean values of the circulating
current should only contain a DC component inferring [8]:

Iy = 1] = 1le = M

By analyzing the mathematical model and applying Kirch-
hoff’s Voltage Law to each arm of three phases of MMC, the
AC side voltage equation yields to:

“4)

diy,
% — Vcu — Rarmiu - LarmdL (5)

Vg = ¢

di
Vg = _% + ve + Rar’mil + Larm L

5 T (6)

By adding (5) and (6), the output voltage can be defined as:

Vel — Vcu

5 (7

Similarly, by subtraction of (5) and (6), the internal voltage
can be expressed as:

Vg =

Vg — Vel — U
v, = d cl cu (8)
2
After proper manipulation of the equations, the sum and
difference of the instantaneous power can be expressed as:

dWE dWA
dt dt

Assuming the circulating current to a DC value and consid-
ering vs and 7, to be perfect sinusoidal signals:

and

= 2.0, — Vsls = Velg — 205t (9)

AW V. I, VI,
dtz = Vgie — cos ¢; — cos(2wt — ¢;)  (10)
aw, I ;
7th = Udz cos(wt — ¢;) — 2Viiccos(wt) (11)

Further, integrating (10) and (11) and considering balanced
conditions, where the input DC power equals the total phase
output AC power(neglecting losses), the equations can be
simplified to:

o CUdQ
N

After some more mathematical manipulations, the sum and
the difference of the capacitor voltages in a leg can be
expressed as [2]:

Wy —AWs and Wa = Wao+AWA (12)

N
v =02 + v =2v4 + C—WAWE (13)
N

Ve = Vou — Vel = G- OWa (14)

III. MINIMIZATION OF ENERGY VARIATION IN THE LEG

The power in the leg of a MMC should have a zero average
value over one fundamental cycle in order to keep the capacitor
average voltages constant, implying that the entire power from
the DC bus is transferred to the AC bus within one cycle.
However, considering the leg power equation from (10), it is
observed that in order to obtain a zero average power, the two
DC terms have to be equal, ensuring the balance between the
DC and AC average power [3].

Vvsmlsm
2- Vd

I cOm — (15)

As stated in (10), the instantaneous leg power is composed
of three terms, where the first two refers to the DC and AC
active power components per phase respectively and the third
term represents an instantaneous oscillating power component
with the second harmonic (% cos(2wt — ¢;)), which needs
to be canceled out for (10) to be zero. This can be achieved
by injecting an alternating current with negative sequence to
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Fig. 3: (a) Circulating Current (b) Instantaneous leg Power.

the reference of the circulating current control as shown in
Fig.(3) [6].

The generic form of the injected negative sequence current
can be expressed as:

. 2n(m — 1 _
Leom = ICchos(Zwlt + % —¢5) (16)
Thus, the total circulating current will be:
icm = lcom + ic2m (17)
Substituting (17) in (10) and solving for Icgm yields to:
dW: - 2 -1
dtz = 2-Vcdcom +2- Vel 5, c08(2wit+ % — )
VtsmLsm smjsm 27T m — 1
- [— 5 cosp; + —"—"" cos(2w1t + ¥ — i)
(13)
. VL am2c0s(2wyt + 25— 4.
o = (2 i %) ()

2 - vecos(2wit + w

— be2)

In order to eliminate the second order harmonic terms and have
an amplitude of I, constant, the injected second harmonic
signal angle is chosen to be equal to the load angle (¢;=¢_,),

resulting in:
(20)

The effect of the injected negative sequence current can also
be seen in the sum capacitor voltage ripple. Substituting (17) in
(11), and with mathematical manipulations shown below, it can
be observed that the magnitude of the fundamental component
of UCA is reduced as expressed in (14):

dWpa - 2w(m — 1)
5 = Ve - {Ismcos(wlt — 3 — (bz)}

2n(m — 1)

-2 Vsm . IcOmcos(wlt — 3 )
- ‘/sm TLe2 cos(3w1t ¢c2)
N N 2 -1
— Vi - I 5,,cos(wit — ﬂ-(mf) —¢n) (21

Thus, on further integration of (21) energy imbalance equation
can be obtained as:

Wa =Wag + AWa (22)

Choosing (¢;=¢_,) as above and from the aforementioned
equation of (22), information about AW can be extracted as
expressed below:

AWn = Ud'jsm _ Vsmf/sm 'jsm _ Vsm 'f/sm'fsm
= w1 Wy - Vg 2w1 - vg

{sin(wlt _ %(";_1))} (23)

The ripple equation for the upper and lower arm capacitor
voltages can be given by:

N

3 _
Az = 5o (AWs + AW) (24)
AvE = N (AWs — AWA) (25)
cl — 2Cvd b A

Since, AW is directly proportional to Avy;, ; as seen in (24)
and (25), it can be concluded that the injected second harmonic
signal is not only useful in eliminating the double frequency
oscillating term from the leg power, but also is able to reduce
the capacitor voltage ripple.

A simulation model of the converter topology presented in
Fig.1 with the parameters shown in Table III has been built in
PLECS in order to validate the above presented mathematical
analysis. The effect of the suppression of the AC components
from the circulating current are presented in Fig.4(b).

Parameters Notation Value
PMW) Active Power 1000
Narm Submodules/arm 40
Viae(kV) Direct voltage 640
Cym(mF) Capacitance 1.25
Loy (mH) Arm Inductance 20
Vy(kV)(-Drms | Alternating voltage | 400
f(Hz) Rated frequency 50

T T T T T T T T T o
= NV
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of L tgp=025P | | | f | el
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Time [s]

Fig. 4: (a) Circulating Current (b) Upper arm capacitor volt-
ages (c) Leg energy difference.

It is to be noted that the amplitude of second harmonic
injected current as shown in (20) and assuming Vi, = %d is
around 0.25 times the peak value of output current(/,,) which

is considered to be the optimum injected current. Relating



(fs,n) with respect to i., it can be seen from Fig.6 and
from mathematical calculations based on (2) and (3) that
with the injected ¢.2,,, the rms value of the arm currents
increases by 7% of the peak output current i.e from(0.40pu
to 0.47pu) which can be validated in Fig 5. This results in a
minor increase in the stress and rating of the switches in the
submodules due to an increase in the conduction losses, thus
inferring an increase in the operational cost and decrease in
efficiency.

—AV=1(_, )
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Fig. 5: Voltage ripple and arm currents as a function of (¢.2,,)
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Fig. 6: Circulating current with and without injection of (i.o.,)

From (26) it can be noted that by injecting a circulating
current equivalent to 0.25pu of peak output current the second
harmonic component term i.e (AWy) from (24) and (25)
can be eliminated inferring that the 50H z ripple in the cell
capacitors only depends on AWa. Thus, voltage ripple as a
function of the injected circulating current can be expressed
as:

N Udfs .
AV = — X —-0.2 2
14 Cor 2w [( 0.25)sin(2wt)
X
+ (0.5 — X)sin(wt) + Esin(&ut)] (26)
where, R
jeam = X -1, (0 < X <0.25) 27)

From the above proposed conjecture, the minimization of the
energy variation and reduction in the voltage ripple of cell
capacitors can be done as showcased in Fig.8. This makes
possible more reduction in the capacitance value which could
prove to be size and cost effective. A graph displaying voltage
ripple as a function of capacitance can be seen in Fig.7 where
the system was designed for 5% of voltage ripple as a common
design requirement.

—Withi_, injection

—Without i , injection
c2m

AV (%)

0 L I L ! 1 T T T
0 1 2 3 4 5 6 7 8 9 10
Capacitance (mF)

Fig. 7: Voltage ripple as a function of capacitance

Thus from the above information, an optimum solution can
be obtained taking into consideration the voltage ripple as a
function of efficiency i.e. (injection of i.2,,) on one hand and
capacitor cost and size on the other.

6.8 x 10
- T i, =010pu T Z0.25 !
c2m -Z5pu
o6
i)
6.4
<
o
= 62t AV(%)=21] ]
A V(%) =285
myogoss] | cveesme]
2.3 2.4 25 2.6 2.7 2.8 2.9 3

Time (s)
Fig. 8: Capacitor voltages showcasing ripple with and without
(ic2m)

IV. ARM BALANCING STRATEGY UNDER UNBALANCED
CONDITIONS

In the previous section, a strategy for the minimization of
the capacitor ripple successfully improved the performance
of the system. However, as shown in Fig.4c, the the upper
and lower arms of the converter are not completely balanced
inducing a DC component. This imbalance becomes severe
when unavoidable mismatches are considered between the
elements of the arms due to capacitor and inductor tolerances.
Fig.9 shows the mean value of the capacitor voltages of a leg,
when an unbalance of 20% is introduced between the arm
inductors.

Fig.9 indicates the need of implementing an energy balance
controller, aiming to keep the difference of the average of
the energies between the arms zero as proposed in [4]. This
controller injects first order harmonic in the circulating current
in order to keep the capacitor voltages equal between the arms.

In this paper a tunning procedure to determine the controller
parameters in presented. Furthermore, in order to validate the
presented technique, simulation results are depicted for differ-
ent unbalanced cases between arms. Finally, the limitations of
the controller as presented in [4] is discussed.

A. Tuning of the Arm Energy Balancing controller

Fig.10 shows the block diagram of the closed loop system
of the implemented controller. Unlike presented in [4], the
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Fig. 9: Mean capacitor voltages without energy controller
under 20% arm inductor unbalance.
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Circ.

Current
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Fig. 10: Control Diagram of the closed loop arm balancing
controller.

proposed controller is only composed of a P gain as the plant
of the system contains an integrator. In case of energy unbal-
ance within a leg considering the aforementioned fundamental
harmonic injection in the circulating current and neglecting the
oscillating terms (11) results in:

dWa

7:.0771‘/0 _Vvsfcm 28
7 tcom Ven 1 (28)

where, VA refers to v, difference constant term.

The first term in (28) shows the unbalance inferred in the
power due to the voltage difference between the upper and
lower cell capacitors. However, the last term of the same
equation can compensate the mentioned unbalance due to the
injection of the 50H z component in the circulating current.

In order to determine the transfer function of the system
the power in each leg is calculated considering the circulating
current containing the fundamental component and neglecting
the alternating terms with zero mean value:

Pu = PinputDC - PoutputAC’ - Pci’rculatingAC (29)

Pl = PinputDC - PoutputAC + PcirculatingAC (30)

Therefore, subtraction of (29) and (30) results in (28) and
the last term in the previous equations allows determining the
transfer function of the system. Assuming V, = % as inferred
in (7) and expressing the power component in terms of energy

in Laplace domain leads to:
Wa

lclm

tclm

_Va
"~ 8s

In order to properly tune the controller Fig. 10 is taken as
a base. In this paper, the circulating current controller is con-
sidered to be tuned accordingly with the system requirements
and working as desired. Considering it as the inner-loop in the
whole system its closed-loop transfer function if considering

3D

it implemented with a Second Order Generalized Integrator
yields [5]:

Kp[s® 4+ (hw1)?] + Kps
sL+ Kp)[s? + (hw1)?] + Kps

Therefore the open-loop transfer function of the system
becomes:

Gclcc(s) = ( (32)

_ KVd(Kp[s* + (hw1)?] + Kps)
~ 4s((sL + Kp)[s2 + (hw1)?] + Kps)

Referring independently the numerator and denominator of
the open-loop transfer function results in:

Gol(s) (33)

Nosy = VaK K, [s* + (hw1)?] + VaK K,s— (34)

Doi(s) = 4s((sL + Kp)[s* + (hw1)?] + Kps) (35)

Thus the closed-loop transfer function can be written as:

Nol(s)

~ 1 (36)
Nol(s) + Dol(s)

Ccl(s) =

Considering the controller to be designed to track a constant
reference and substituting s = 0 in (36), C;(o) yields O which
ensures the output of the controller to be equal to the input as
desired.

In this paper the tuning of the gain K is based on the bode
stability criterion where the outer-loop is designed to be slower
than the inner-loop which is the circulating current controller.
The step response of the system for a gain of K = 0.0008
corresponds to a time constant of approximately of ¢,, = 37ms
as depicted in Fig. 11.

Step Response
T T

Amplitude
=
&

-
>

—Step response of circulating current controller
04 —Step response of arm balancing controller

L L L L L L L L L
0 0.01 002 003 004 005 006 007 008 009 0.1
Time (seconds)

Fig. 11: Step response of the circulating current controller and
energy balancing controller.

In order to prove stability the bode plot of the system for
the same gain as shown before is presented in Fig. 12 where
the phase margin is high and equals 82.4° thus ensuring the
stability of the system.

B. Performance evaluation of the controller through simula-
tions

Based on simulation results obtained with the parameters
described in Table III, controller’s functionality is proved in
this section. Three cases of unbalance in the system are dis-
cussed in this subsection. Firstly, a difference of 20% between



Bode Diagram
Gm = 27.4 dB (at 1.79e+03 radis) , Pm = 82.4 deg (at 125 rad/s)
T T T T

M GM

Magnitude (dB)

Phase (deg)
H
T
L

9216 ! ! 1 !

10° ' 10 * i

10° 1 10
Frequency (rad/s)

Fig. 12: Bode diagram of the open-loop system of the energy
balancing controller.

the arm inductors within each phase is introduced. Secondly,
a step in the energy reference of the controller is applied.
The last scenario proposes different unbalance conditions in
each leg which will highlight the controller limitations due to
coupling between phases.

5
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Fig. 13: Mean capacitor voltages with energy controller under
20% arm inductor unbalance.

As proposed in the beginning of this section, a 20% arm
inductor unbalance has been introduced in the upper arm of
each leg of the converter. Fig.13 shows the mean capacitor
voltages when the arm balancing energy controller is intro-
duced at 0.5s. In this case, the controller manages to keep the
voltages completely balanced. Secondly, a step in the energy
reference is given depicting the correspondence between the
theoretically calculated time response of the system and the
one based on simulations as depicted in Fig. 14.

x10*
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Step of 1001\-(1\

tr=37m4

WAA ()
wm

19 1.95 2 2.05 2.1 215
Time (s)

Fig. 14: Response of the system when a step in energy is
introduced.

Finally, a step in the energy is introduced only in phase-a
of the converter. Fig.15 shows that the injected fundamental
circulating current affects the energy difference balance in all
phases, proving that with this method an arm’s energy cannot
be controlled without affecting the other phases. Similar

problem was indicated and a solution was proposed in [7].
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Fig. 15: Energy difference in each leg when energy balancing
controller is implemented

V. CONCLUSIONS

In this paper, a systematic approach has been introduced for
the effective reduction of the sum capacitor voltage ripple in an
MMC application. The injection of a second order harmonic
component in the circulating current was proven to be capable
of reducing the total capacitor ripple down to 33% of its initial
value and could be used to reduce the size of the capacitors
in MMC-HVDC. On the other hand, an increase of 7% of the
total rms arm currents is also introduced. The effectiveness of
the method in terms of cost and size depends on the application
and dimensioning of the power components. As a future scope,
an optimization method and an in-depth analysis can be carried
out to find an optimum point between reducing the capacitor
voltage ripple along with the cost and size of the capacitor to
overall operational cost.

Finally, the tuning procedure and effectiveness of an energy
balancing controller was shown. With high phase margin as
mentioned above, the system stability was ensured and the
step response had no overshoot with a rise time of 37ms. The
energy balancing controller was tuned with the aforementioned
gain just to ensure that the bandwidth is lower than the inner
loop which is the circulating current controller. The system
was simulated under various internal unbalanced conditions
and the limitations of the aforementioned controller were
highlighted.
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