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Summary

The aim of this project is the analysis of a Modular Multilevel Converter (MMC) and
the development of a control scheme for energy stored. The converter is characterized
by a modular arm structure, formed by a cascade connection of a large number of
simple chopper cells with floating DC capacitors: these cells are called Sub-Modules
(SM) and can be easily assembled into a converter for high- or medium-voltage power
conversion systems. The analysis is based on the use of a simplified circuit constituted
by a single leg of the converter, where all the modules in each arm are represented by
a single variable voltage source. The circuit model is derived as a system of
differential equations that can be used for analyzing both the steady state and dynamic
behavior of the MMC, from voltages and thus energy point of view. The converter
structure requires an arm voltage balancing control and a leg total voltage control in
order to achieve a stable behavior in all operating conditions. The validity and the
effectiveness of the voltage control strategy are confirmed by numerical simulations.
Thesis objective is to deepen control issues about MMC family of converters: in order
to approach properly control system, a state of the art analysis had to be done.

This analysis showed that, as of today, few modeling approaches have been
investigated and thus, control issues are still difficult to be solved. In fact, it became
clear that a different modeling approach will be necessary in order to solve all
dynamic operation requirements.

Following a reliable modeling approach, carried out by A. Antonopoulos, L.Angquist,
and H.P. Nee in “On dynamics and voltage control of the modular multilevel
converter” (European Power Electronics Conference (EPE), Barcelona, Spain,
September 8-10, 2009), dynamic behavior of converter voltages and energy has been
analyzed.

New and improved regulators have been implemented: in fact, in order to solve
dynamic transients of the MMC (for instance LVRT, Failure Mode condition etc.) it
became clear that conventional control structures are not sufficient.

The over mentioned modeling approach leads to a highly non-linear system: non-
linearity is present also in the input, thus advanced control approach are difficult to be
implemented.

Thus, in the fifth chapter of this thesis, a new modeling approach is proposed, aiming
to simplify advanced control implementation.

It can be concluded, that with the new modeling approach a significant contribution to
control issues will be possible.
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List of symbols — First Model

C : sub-modules capacitor

N : number of sub-modules in each arm

C“"™: total capacitance of the arm

C™: equivalent capacitance of the arm m

L, R : arm impedance

n(t): general modulation index

u/t: marm voltage

uZ (t) : voltage stored in arm capacitor

i(t) : current flowing through the arm

iy, 1, - upper and lower arm currents respectively

Iy :output current

Lairs - differential current

uZy,, uz, - upper and lower sub-modules voltages respectively
ny,n, - upper and lower modulation indexes respectively

up - DC voltage

uy : output voltage

m(t), m : modulation carrier, with m as pick value

Ucy, Uy, - upper and lower arm voltages respectively

ug;rr - differential voltage

e, . internal alternating voltage

W2, W2 - total energy stored in upper and lower sub-modules respectively
wZ, W, : total energy stored in one phase and difference between upper and lower

energy
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u, . grid voltage

Lg, R, - line impedance
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List of symbols — Second Model

Vp, Vi - upper and lower arm voltages respectively

V, : output voltage

Lp, Rp : upper arm impedance

Ly, Ry : lower arm impedance

ip, Iy - upper and lower arm currents respectively

Ip . output current

Epc - DC voltage

Sp, Sy - upper and lower modulation indexes respectively

Ep, Ey = upper and lower arm capacitor voltages

Cp, Cy > upper and lower arm equivalent capacitor

Lpref: Ly rer - UPPEr and lower arm reference currents

io rer - OUtpUt current reference

ip rer - differential current reference

SprefsSnrer - Upper and lower modulation indexes reference respectively
Ve rers Vi rer - Upper and lower arm voltages reference respectively

W, W, total energy stored in the arm and difference between upper and lower arm
energy

Wr e, Wp rer - total energy and difference of upper and lower arm energy references
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Chapter |

1 — Introduction and Motivations

The development of new technologies and devices during the 20™ century enhanced
the interest in electric power systems. Modern civilization based his operation on an
increasing energy demand and on the substitutions of human activities with complex
and sophisticated machines; thus, studies on electric power generation and conversion
devices become every day more and more important.

The recent attention in environment protection and preservation increased the interest
in electrical power generation from renewable sources: wind power systems and solar
systems are diffusing and are supposed to occupy an increasingly important role in
world-wide energy production in coming years.

Not only house utilities, but industrial applications and even the electrical network
requirements display the importance that energy supply and control will have in the
future researches.

As a consequence, power conversion and secondly control is required to be reliable,
safe and available in order to accomplish all requirements, both from users and legal
regulations, and to reduce the environmental impact.

Voltage Source Converter (VSC) technology is becoming common in high-voltage
direct current (HVDC) transmission systems (especially transmission of offshore
wind power, among others). HVDC transmission technology is an important and
efficient possibility to transmit high powers over long distances.

The vast majority of electric power transmissions were three-phase and this was the
common technology widespread. Main advantages for choosing HVDC instead of AC
to transmit power can be numerous but still in discussion, and each individual
situation must be considered apart. Each project will display its own pro and con
about HVDC transmission, but commonly these advantages can be summarized:
lower losses, long distance water crossing, controllability, limitation short circuit
currents, environmental reason and lower cost.

One of the most important advantages of HVDC on AC systems is related with the
possibility to accurately control the active power transmitted, in contrast AC lines
power flow can’t be controlled in the same direct way.

However conventional converters display problems into accomplishing requirements
and operation of HVDC transmission. Compared to conventional VSC technology,
Modular Multilevel topology instead offers advantages such as higher voltage levels,
modular construction, longer maintenance intervals and improved reliability.
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Figure 1 - ABB DolWin Installation, using HVDC connection

A multilevel approach guarantees a reduction of output harmonics due to sinusoidal
output voltages: thus grid filters become negligible, leading to system cost and
complexity reduction.

Like in many other engineering fields, modular and distributed systems are becoming
the suggested topology to achieve modern projects requirements: this configuration
ensure a more reliable operation, facilitates diagnosis, maintenance and
reconfigurations of control system. Especially in fail safe situations, modular
configuration allows control system to isolate the problem, drive the process in safe
state easily, and in many cases allows one to reach an almost normal operation even if
in faulty conditions.

However, it is necessary to take into account also disadvantages brought by Modular
design: the control scheme actually results more complex and requires a “two level”
configuration. Each modular part as to be controlled independently, but a master
control layer is needed to reach the overall system behaviour requirements. It is
necessary to provide a proper division of tasks between local controllers and master
controller: must of all, the communication system becomes really important in order
to achieve overall stability and time deadline accomplishment.

In the case of MMC, the concept of a modular converter topology has the intrinsic
capability to improve the reliability, as a fault module can be bypassed allowing the
operation of the whole circuit without affecting significantly the performance.

Many multi-level converter topologies have been investigated in these last years [1],
having advantages and disadvantages during operation or when assembling the
converters. To solve the problems of conventional multi-level converter a new MMC
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topology was proposed in [2]-[5], describing the operation principle and performance
under different operating conditions. A simple schematic of this converter with N
modules per arm is shown in Fig. 1. The MMC proposed in [2]-[5] is one of the most
promising power converter topology for high power applications in the near future,
particularly in HVDC links (e.g. transmission of offshore wind power, among others).
Siemens has a plan of putting this converter into practical applications with the trade
name “HVDC-plus”. The system configuration of the HVDC-plus has a power of 400
MVA, a dc link voltage of 200 kV, and each arm composed of 200 cascaded chopper
cells [6].

This converter topology has been investigated by several research teams lately [7]-
[12]. These papers where mainly focused on the analysis of simplified circuit models
and improved control systems to achieve a reliable and stable operation of the
converter, as the cascaded connection of multiple sub-modules in each arm and leg
requires the voltage balance among the several sub-modules of each arm and between
upper and lower arms. The control of the total leg voltage and differential voltage
between upper and lower arms is a crucial point as it can affect seriously the operation
of MMC if not properly implemented. The potential interaction between these two
loops of control will be deepened and discussed; it will be important to evaluate the
possibility of control task distribution; this analysis is required to design the most
suitable control scheme.

The aim of this paper is to accomplish the stable voltage control of the MMC in all
operating conditions and the theoretical analysis is based on the circuit model
proposed in [8], hence, the same terminology will be used. The approach is based on
using a continuous model, where all modules in each arm are represented by variable
voltage sources, and PWM effects are neglected. The numerical simulations of the
converter show the presence of high currents that can circulate through the phase legs,
leading to the need of over-rating the modules. Besides to this, the presence of these
currents produces an energy transfer between the arms, leading to possible
instabilities of the converter. A suitable control strategy has been implemented for
avoiding instabilities in all operating conditions. The validity and the effectiveness of
the voltage control strategy is confirmed by numerical simulations.

1.1 — Objectives

In this thesis, analysis, modeling and control of a 13 MW/20 KV MMC converter are
investigated. Thus, objectives can be summarized:

e MMC operation principles: state of art and actual achievement
e MMC modeling: analysis of modeling approaches available
e Modeling Development and Simulation Verification of a KW system
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e Modeling Development and Simulation Verification of a MW system

e Control Strategies Analysis and Implementation: firstly on the KW system,
then applied and verified on the MW system

e New proposal for modeling and control

1.2 — Limitations

This thesis main objective is to find a performing control system for the energy stored
in the converter: even if MMC is a well-known topology of converter, few modeling
and control approach are available.

To carry out this primary analysis, a modeling approach has been chosen and
followed, and can be found in [8]: this approach showed to be the most promising,
both for the analysis of MMC operation and for the development of control structure.
However, in Chapter V of this thesis a new modeling approach is suggested, in order
to simplify control strategy study.

Being the energy monitoring and control the aim of this project, modeling neglects
low level operation and dynamics of the system: sub-modules are simplified with an
equivalent variable voltage source, ideally controlled.

This assumption, gives the opportunity to study the system from a proper point of
view in terms of energy: on the other side, sub-modules operation is hidden and all
issues connected are not dealt in this thesis.

A different approach should be investigated, in order to account also sub-modules
operation in the modeling and through this, in control strategy development.
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Chapter 11
1- Description and principle of operation of MMC

The typical structure of a MMC is shown in Fig. 2, and the configuration of a Sub-
Module (SM) is given in Fig. 3. Each SM is a simple chopper cell composed of two
IGBT switches (T1 and T2), two anti-parallel diodes (D1 and D2) and a capacitor C.
Each phase leg of the converter has two arms, each one constituted by a number N of
SMs. In each arm there is also a small inductor to compensate for the voltage
difference between upper and lower arms produced when a SM is switched in or out.

+
e
s .
: | :
] 1 1
1 I 1
Am < gy i sM = sm [ =
R R
L L L
\
5§g< L L
R R R
M |_= M= M=
NSub- || C r
1 I 1
Modules! ! !
"sm = \ M= | sm[F

Figure 2 - Schematic of a three-phase Modular Multi-level Converter

With reference to the SM shown in Fig. 2, the output voltage Ug is given by,

Uo=Uc ifTlisONandT2is OFF
Uo=0 if T1is OFF and T2 is ON

where Uc is the instantaneous capacitor voltage.

The configuration with T; and T, both ON should not be considered because it
determines a short circuit across the capacitor. Also the configuration with T, and T,
both OFF is not useful as it produces different output voltages depending on the
current direction. Fig. 4 shows the current flows in both useful states.
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In a MMC the number of steps of the output voltage is related to the number of series
connected SMs. In order to show how the voltage levels are generated, in the
following, reference is made to the simple three level MMC configuration shown in
Fig. 5.

D

=T

T JKE

UOTTZJ A D2

Figure 3 — Chopper cell of a Sub-Module

T1 OFF-T2 ON T1ON-T2 OFF
SM off-state SM on-state

=

I

Direct current flow

1t

Inverse current flow
—i gi

Figure 4 - States of SM and current paths
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Figure 5 - Schematic of one phase of Three-Level Converter

In this case, in order to get the positive output, +Up/2, the two upper SMs 1 and 2 are
bypassed. Accordingly, for the negative output, - Up/2, the two lower SMs 3 and 4 are
bypassed. The zero state can be obtained through two possible switch configurations.
The first one is when the two SMs in the middle of a leg (2 and 3) are bypassed, and
the second one is when the end SMs of a leg (1 and 4) are bypassed. It has to be noted
that the current flows through the SMs that are not by passed determining the
charging or discharging of the capacitors depending on the current direction.
Therefore, in order to keep the capacitor voltages balanced, both zero states must be
used alternatively. The voltage waveform generated by the three level converters is
shown in Fig. 6.

+Up /2

-Up/2

Figure 6 - VVoltage waveform of a Three-Level Converter

23



The principle of operation can be extended to any multi-level configuration as the one
represented in Fig. 7.

: j%UD/Z
Vac 4““
== Up/2

Figure 7 - Schematic of one phase of Multi-Level Converter

In this type of inverter, the only states that have no redundant configurations are the
two states that generate the maximum positive and negative voltages, + Up/2 and
—Up/2. For generating the other levels, in general there are several possible switching
configurations that can be selected in order to keep the capacitor voltages balanced. In
MMC of Fig. 6, the switching sequence is controlled so that at each instant only N
SMs (i.e. half of the 2N SMs of a phase leg) are in the on-state. As an example, if at a
given instant in the upper arm SMs from 2 to N are in the on-state, in the lower arm
only one SM will be in on-state. It is clear that there are several possible switching
configurations. Equal voltage sharing among the capacitor of each arm can be
achieved by a selection algorithm of inserted or bypassed SMs during each sampling
period of the control system. A typical voltage waveform of a multi-level converter is
shown in Fig. 8.

+Up /2

LL|_|_I_r |
“Up /2

Figure 8 - Voltage waveform of a Multi-Level Converter
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Chapter 111

3.1 - Mathematical model of the MMC

The typical structure of an MMC, shown in Fig. 1, can be summarized into 3 levels:

I. sub-modules SM (the lower level, usually Chopper cells)
I1. arm (second level of the converter, half of the leg-phase)
I11. leg (can be considered one phase)

If a two-level control structure is considered, for instance a Master-Slave structure,
lower level of control is assigned to sub-models (level 1), instead upper level of
control deals with arm-leg voltage and currents control (level II, I1). It is assumed
that a lower level control for the sub-modules is present ensuring that all capacitors
are equally charged.

As suggested in [13], most of existing investigations and simulations are based on
switched or discrete models. However, discrete models have two main disadvantages:

a) discrete models do not allow an analytical approach to model the converter
and to design the control system;

b) numerical solution of complex converter configurations using a high number
of SMs require considerable simulation time.

A continuous model can overcome these disadvantages. Therefore, to clearly
understand the operation of this converter it is necessary to write the voltage-current
equations and to determine a continuous model suitable to design a control scheme.

In the following, an analysis is carried out with the aim to control the upper and lower
arm voltages, using the continuous model presented in [8], that considers only one
converter phase and is based on time-variable capacitors.

Considering a converter with N sub-modules per arm, each arm can be controlled with
an insertion index (modulation index) n(t), where n(t)=0 means that all sub-modules
in the arm are by-passed, on the other side n(t)=1 means that all the sub-modules in
the arm are inserted.

Ideal capacitance of the arm should be:

carm — £ (1)
N
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The effective capacitance of the arm is dependent on the insertion index, so it can be
written as:

C arm

cm = " (2)

where the m apex means the number of the arm (for instance, in a three-phase
converter m=1,2,3,..,6).

It would be possible to have a full representation of the MMC converter, including
operation of each sub-module, but this approach tends to be fairly complicated and
not easy to be used as a base for control schemes development.

A simpler way would be to consider a continuous model, but 2 important assumptions
are necessary in order to develop this approach:

1. the switching frequency is much higher than the frequency of the output
voltage

2. the resolution of the output voltage is small, compared to the amplitude of the
output voltage (i.e. high number of sub-modules)

Assuming 1 and 2, it’s possible to create a continuous model which represents the
overall operation of the converter, neglecting the single sub-modules behaviour: this
type of model is suitable for control system design and makes it possible to focus on
the energy stored in the converter and its balance between arms. The simplified model
is shown in Fig. 9.

Up/2 () Cfi’u'“ i
) U
Zarm i
— —
Zarm
I
INAQ) ifum

Figure 9 - Simplified Circuit Used for the Analysis
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Again, apex m represent the arm, n(t) is the insertion index, instead uc(t) is the sum
of all capacitance voltage in the m arm. Then equations (3) and (4) follow.

ug* = n(tug (t) 3)
dug(t) i(t) | oo cam
= o with (T =— D (4)

With reference to Fig. 8, where only one phase is considered, it is possible to write a
set of equations for currents: currents from upper and lower arms, rispectively iy and
i, will constitute the output current iy.

The igi current represents the current that circulates from the phase leg to the DC link
(and/or to another phase leg).

ly = ? + laiff ly = lU. + lL.
iy igipy = Lt )
l ?— idiff ars 2

These equations are representing the ideal condition in wich the contributions of
upper and lower arms to the output current are equal. The difference current is
introduced to consider the possible situation in which the capacitors are not equally
charged to the reference value. In this MMC configuration the sum of all capacitor
voltages of one arm is assumed to be equal to the DC Voltage up.

Equations (6) and (7) are the same of (4), just emphasizing the contributions of upper
and lower arms in terms of voltage and current.

dugy (t) _ yly

dt - carm (6)
dugL(t) nyiy,
dt - carm (7)

With all these equations and the semplified circuit shown in Fig. 8, it is possible to
write equations (8) and (9) as simple Kirkhoff voltage equations.

Up diy

?_RiU_LE_nuugU:uV (8)
Up . di;,
_7_RLL_LE+nLugL:uV (9)
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Subtracting equation (9) to (8), and substituting the following equations
iU - iL = Zldlff

diU dlL . zdldlff

10

dt dt dt (10)

it is possible to obtain this dynamic equation of the current i

didiff Up R ny ¥ n,, 5

— e ——ud, — = 11
dt 2L L'r T gpteu Tgpta (1D

From equations (6) and (7), substituting iy and i_ with the expressions given in (5),
two dynamic equations of upper and lower arm voltages are obtained:

dufu ny ny
dt = carm Laiff +26arm lv

dug, _ n, . ng, .
dt + carm Laiff — 2Ccarm v

(12)

From (12) it can be noted that with igi# equal to zero, the load current acts in order to
unbalance the upper and lower arm voltages. In steady state conditions the load
current is changing assuming positive and negative values, then, the time derivative of
the arm voltages are also changing, and in ideal conditions the arm voltage should
oscillate around a constant mean value. The presence of non idealities and losses may
lead the converter to be unstable. As a consequence, it can be concluded that only the
presence of a suitable difference current allows the converter to operate correctly.
Using (11) and (12), a dynamic and continuous model is thus obtained and shown in
(13).

R ny ng Y
4 Laiff nL 2L 2L|[iaifr njiv
s | U b
dt ugU carm 0 0 ugu + 2Carm (13)
Ucr, ny UcL, nyiy
0 0 -
_Carm | anrm_

Assuming that a sinusoidal output voltage is desired, the reference signal for
modulation is
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m(t) = mcos(wyt) (14)

and the ideal terminal voltage is given by

uy (t) = %Dm(t) (15)

In order to solve the system of equations (13) the load current should be known. Here,
the following alternating current is assumed as the output load current

iy (t) = iy (t) cos(wyt + @) (16)

Where ¢ is the load phase angle and is arbitrary.
Using the reference signal in (14), the modulation indices for upper and lower arms
can be expressed as

() = - a7)
my () = 0 18)

It can noted that the sum of upper and lower modulation indexes is always equal to 1.
As a consequence, assuming the capacitor voltages of all modules equal to the
refernce value, the sum of the voltages of upper and lower arms is always equal to the
DC voltage up.

In real operating conditions the capacitor voltages will not be exactly equal to the
reference value and as a result a difference voltage will be present forcing a difference
current to flow between the leg and the DC source. A suitable control of this current is
crucial for achieving a correct operation of the converter and an equal sharing of the
DC voltage among all modules.

A possible control strategy is the one based on adding an offset voltage to upper and
lower arm voltages ucy and uc, defined trough (17) and (18). This offset voltage (ugif)
is determined with some criteria aimed to keep the module voltages as close as
possible to the reference value or to keep the energy stored in upper and lower
capacitors equalized.

It will be shown in the next section that ugi will not affect the terminal voltage (as uy
is related to the difeerence between upper and lower arm voltages), but will impact on
igiff current instead.
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The number of levels that can be obtained depends on the assumptions made for the
analysis. When assuming a constant DC voltage, actually it is possible to generate
output voltages having a number of levels equal to 2N+1, whereas the number of
levels must be reduced to N+1 if the the DC voltage has to be kept under control by
the converter itself.

This is the situation that occurs in HVDC systems composed by two MMCs
connecting the two ends of a DC cable. In this case there is no DC capacitor between
the DC voltage terminals and a DC voltage controller is necessary. In this analysis a
constant DC voltage will be assumed as the aim is to develop a strategy for keeping
under control the total energy stored in each leg and the unbalance between the energy
stored in upper and lower arms.

3.2 - Control Strategy

By adding and subtracting equations (9) to (8), it is possible to obtain two equations
that clearly explain-a possible approach to MMC control:

uCU - uCL R . L le
_ _R._Ldy 19
W 2 2V T 2 (19
digiss Up Uy + Ucy
L Riyio, =2 _ ZCL ~ 7CU 2
ar e =5 2 (20)

As suggested in [8], from (19) and (20) is possible to draw the following conlcusion:

e the output voltage u, depends only on the current iy and on the difference
between upper and lower voltage ucy, UcL

e the arm voltage difference acts like an inner alternating voltage, R and L as a
passive inner impedence for alternating current

e igir depends only on the DC link voltage and the sum of arm voltages

Therefore it is possible to note that adding the same quantity to both arm voltages will
not affect the AC side, but will influence the difference current instead, wich can thus
be controlled.

It is opportune for control purposes to obtain an expression of upper and lower arm
voltages in wich this voltage difference is included. Starting from (8) and substituting
the upper current with
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by

iU == ? + idiff
leads to
Up R . . L le dldlff
7 v TRl Ty Tl T =W
(21) can be rewritten as
Up R . L le . dldlff

tov = T gl Ty~ Rarr T g
Considering that form (19)

R Ldiy wuc, —ucy
wrIvtya T T 2z ¥
(22) can be rewritten as

Ucy = 5 €y — Ugifr

The same development can be carried out for uc yielding

Up
UcL = — + ey — Ugifr

where ugiss is defined as

didiff
dt

udiff = Rldlff + L

(21

(22)

(23)

(24)

(25)

(26)

Equations (24) and (25) show how the difference voltage contribute to the reference

values of upper and lower arm voltages.
The quantity e, defined as

uCL_uCU_e
— S = ¢y
2

(27)
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is practically representing the output voltage uy, apart from the voltage drop across R
and L as shown in (19). So, in the following, e, is used to represent the output voltage
Uy.

In order to determine a possible control strategy for determining ugis , it is opportune
to introduce the energy stored in upper and lower arm capacitors.

Assuming that voltage and thus energy stored in each arm is equally shared between
sub-modules, the upper and lower energy are

C uZ' 2 C arm
z _ Z|Zcu — Z N2 — Z 32
Wéy =N > < N ) N (ugy) 2 (uzy) (28)
C (uz 2 C carm
z _ Z | ZcL — Z\2 — Z N2
W¢é, =N > < N > oN (uzL) > (uzL) (29)

Considering now power equations of both upper and lower arms, it is possible to
write:

dWcZU . y . Up

gr = ey = (? + ldiff) (7 —ey — udiff) (30)
dWCZL . ly . Up

dr . ater = (—? + ldiff) (7 tey— udiff) (31)

The total capacitor energy in the leg and the difference capacitor energy between
upper and lower arms are

WE =W + Wa (32)

WE = Wey — W, (33)

Differentiating (32) and (33), and introducing (30) and (31) yields

awg

70 = (up = 2uaipr)iais —eviy 349
dVVCA Up . ,
Fra (7 - udiff) ly —2eyligifr (35)
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These equations are very important to discuss the influence of igi on the total and
difference capacitor energies. From (34), assuming igis having only a dc component its
product with up represents the power delivered to the ac side (load and capacitors).
The quantity ugir igirr represents the losses on the arm resistance R and the magnetic
energy variation in the arm inductance L, ey iy is the load power. So, a DC component
of igir can be used to control the total capacitor energy.

From (35), it can be noted that a DC component of igiz has no impact on the difference
capacitor energy as there are no dc components in e,. The conclusion is that the DC
component of igi can only be used for controlling the total capacitor energy stored in
the converter leg.

On the other hand, an alternating component of igix, having the same fundamental
frequency as the output voltage e,, could be usefully employed to control the
distribution of the capacitor energy between upper and lower arms. In fact, the
product e, igif has a dc component that can be used to force the energy difference to
change. A similar effect is created by ugis iv, but this quantity should be smaller for
small value of R and L, thus in the following the control strategy will be developed
with reference to the quantity ey igit only.

3.3 - Consideration about Control Strategy and
Model

It is necessary to make an important remark: the equations wrote and discussed in
previous section lead to a continuous model, suitable for analysis and understanding
of operation principle of the MMC. On the other hand, from the control point of view,
these equations are not easy to use: even if it is possible to decouple continuous and
alternate component of differential current, in order to properly track references, non-
linear couplings make really complex advanced control structures.

From equations (34) and (35) it becomes clear that the input variables, or rather
modulation indexes, influence dynamics of the energy as a non-linear input: in fact,
the modulation indexes directly influence differential voltage, and the relationship
between differential voltage and differential current is a low-pass filter (Fig. 10).

Modulation Indexes

Voltage Yair Equations Taigs
_ Equations (24) & | — _
(25) (26)

Figure 10 - Input Control Relationship
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Neglecting this low pass filter it is possible to consider that input variables are a
“square” input for the system: this condition makes more difficult the development of
advanced control strategies and the study of complex control strategies.

Thus, a different approach in the modeling will be developed in order to simplify the
analysis from the control point of view: this modeling approach will be deepened in
Chapter V.

The control strategy implemented is a linear control which aims to operate in the
proximity of the region where the control can be considered linear: actually, control
input will be limited in order to preserve this assumption. Otherwise, the non-linear
input of the control can affect operation of the system, leading to instability.

Two different loops will be implemented, the first one to control the overall energy of
the MMC leg, the second to control the balance between upper and lower arms of the
phase-leg.

The interaction between two loops may lead to instability: because of the non-linear
configuration of system equations, it is hard to analyze systems coupling properly (for
instance Relative Gain Array analysis).

It is however evident that total energy and energy balance interact dynamically in
system operation: in order to make a decoupling, balance of energy loop is tuned in
order to be greatly slower than the overall energy loop. This frequency decoupling
will highly benefit differential current waveform: if not performed, overall energy and
balance interaction leads to a really distorted differential current. This current,
flowing in the phase-leg, would produce a voltage drop on the phase impedance,
increasing losses and disturbances in the stability of the system.

Then, an output current control loop will be implemented in order to simulate the
operation of the converter in all different possible conditions. The general block
diagram of control scheme is shown in Fig. 11.
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Chapter 1V

4.1 - Development of a MATLAB model

Starting from equations and discussions of Chapter I, it is possible to define a simple
dynamic model of one phase of the converter.
Below are listed the chosen equations:

R Ny n Up
Laiff L 2L 2L|[igifr 2
|| Tw 5 nyly 13
z|'| =g O O ||l |*| zcem 9
Ucy ny 0 0 Ucy, npiy
[ carm "~ gcarm]
dWcZU . ly . Up
Pl Y + lgiff (7 —ey — udiff) (30)
dWch . ly . Up
ar = il =\—5 Tl (7 +ey — udiff) (31)

diy uy, u; Ry
_W Y K, 36
dt L, L, Ly (36)

Equation (36) is the output voltage equation, where ug is the grid voltage, and Ry, Lq
the parameters of the line connecting MMC to the grid.

The previous equations are implemented on Simulink, with the use of Embedded
MATLAB Functions.

Embedded
hATLAB Function
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4.2 - First model: Converter Operation and Model
Verification

The first system implemented in MATLAB-Simulink includes only the equations in
(13), but it is however important to understand the operation of the converter: in
particular, the necessity of controlling the differential current and thus the energy
stored in upper and lower arm becomes clear.

In this simulation, output voltage and current are imposed and the operation of the
system is then observed: modulation indexes are calculated ideally, using equations
(24) and (25), neglecting differential voltage usage (no control strategy is
implemented yet) and neglecting also the voltage drop of the output current on the
arm parameters (i.e. uy = e, ).

—>]
——C
Scop
>
From18
F— o]
From12 L
u_c

Control System

U_cu&u_cCL

_u&ll

with U_CL,U_CU and

U_arm Calculation | Y E]
i
Modulation Indexes ¥

cope
Output Current (pi/36 phase) Goto

m() Gainé Gotol

—C

Scopes

Figure 12 - First Model MATLAB Scheme

MATLAB Model Implementation can be seen in Fig. 12.
Green blocks implement model equations; the red block instead contains the
calculation of the modulation indexes: in the right bottom, output voltage and current
are imposed, assuming a load-phase angle equal to zero.
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The upper green block represents the dynamic of differential current; the middle green
block represents the capacitor voltage dynamic, the lower block calculates the upper
and lower arm voltage, multiplying the capacitor voltage by the modulation index. On
the right side, the green block is used to calculate the upper and lower arm current.
Output voltage and current, and other system parameters are listed below in Tab. 1.

uy = 50 sin(wt) V
iy = 10 sin(wt + ¢) A

f=50Hz
=0
up =200 V

uzy(ref) =200V
uZ, (ref) =200V

CH™Mm =5 mF
R=010Q
L =3 mH

Tab. 1 — List of system parameters

It is important to underline that the model implemented is a kW system: the choice to
preliminary study a smaller system, compared with the final objectives of project, is
motivated by control issues and parameters availability.

It will be shown that control strategy implemented is almost independent from
parameters changes; however it is easier to start solving the problem from a small
scale system. Furthermore, parameters for a kW system were available from the
beginning of the project, instead MW parameters required some time and deepening
to be confirmed.

No control loop is implemented yet, and the converter is not able to keep the capacitor
voltage to the initial value, i.e. the capacitor voltage decreases from the initial value to
a non-desired “steady state condition”, the same happens to differential current.

Arm voltages waveforms are shown in Fig. 13.

After a brief transient the differential current acts in order to maintain the capacitor
voltage stable (waveform in Fig. 14), and the system is operating properly.

In order to control the capacitor voltage and thus totla energy stored in upper and
lower arm, and their balance, a control on the differential current must be
implemented.
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Figure 14 - Differential Current Waveform (A): without control loop
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4.3 - Second model: Energy Control

The second system implemented includes energy equations (30) and (31) and propose
an energy control strategy, to obtain a stable single-phase leg of the converter: to
accomplish this, differential current is used. Like the previous model, output voltage
and current are still imposed and the operation of the converter-leg is consequently
observed and controlled.

As deducted by equations (19) and (20), differential current can be controlled by a
differential; this voltage will not affect the AC (output) side (i.e. adding the same
quantity to upper and lower arm voltage does not change the output current or
voltage, but imposes a differential current to flow in the phase-leg).

Thus, a simple but efficient control strategy controls overall energy stored and the
balance between upper and lower arm energy through the differential current, using
the differential voltage as intermediate control input: in fact this differential voltage,
sum of two different control components, will modify modulation indexes, changing
the ideal value calculated assuming constant the capacitor voltages.

Controlling The Overall Energy Stored In the Converter
and The Balance of Energy

Control System

Fromg U_CU& U_CL E—

[nn
Goto2
onr]
om14
. Goto3
Fromis U_am Calculation I E]
with U_CL,U_CU and
Modulation Indexes E— Scope8
@ Scope3
Output Current (pi/36 phase) Goto
ou
o / s
udia > < uv ntegrator: o
=
m(t) Gainé Gotol rom
ol
I ‘*E} W.oU& VoL ¢ »E]
Scopes Scope9
>

Figure 15 - Second Model MATLAB Scheme
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Dynamic equations for upper and lower energy are implemented in the lower, right
side MATLAB Embedded block: then, the sum of the two energies stored in upper
and lower arms is the overall energy and a constant reference value is imposed. The
difference of upper and lower arm energies is used to control the balance between
upper and lower arm; thus, the reference value is set to zero. The control scheme
block is then explained and can be seen in Fig. 16.

Red blocks implement the overall energy loop: a PD controller works on the total
energy error, with the purpose of deleting the error between energy reference and the
energy effectively stored in the phase-leg.

However, being all the imposed output signals sinusoidal, there will be a steady state
error in the overall energy: the goal is to reduce this error as much as possible and to
have a fast dynamic response in case of change reference.

Green blocks implement the balance control between upper and lower arm: it is again
a PD controller, but this time a low pass filter is also required, in order to have a
stable and smooth loop. The control action generated by this loop is then multiplied
by a “carrier”, with the same frequency of the output signals and the impedance arm
phase.

From equations (34) and (35), rewritten in the following for convenience, it is
possible to understand how to control properly the overall energy and the energy
balance.

dW¢ . .

dt (UD - Zudiff)ldiff —éyly (34)
dWCA Up . ,

dt = (T - udiff) ly —2eylgrs (35)

In equation (34), differential current multiplies the DC voltage, so a DC component of
differential current is used to control the overall energy stored.

In equation (35), differential current multiplies the output voltage (e, can be
considered the same of output voltage, neglecting the voltage drop of output current
on arm parameters), so an AC component of differential current is used in order to
control the balance between upper and lower energy (using the carrier technique
implemented by the yellow block).

The two control components are added and then used as a differential voltage
reference which will be followed by changing upper and lower modulation indexes,
driving the necessary differential current to control the system energy: modulation
indexes are calculated dividing the upper and lower voltage (calculated with equations
(24) and (25)) by the capacitor voltage reference, as it is shown in the lower part of
the control scheme with green blocks.
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An important consideration must be performed: both loops implemented to control
energy behavior include saturation. There are two important reasons in order to
impose these limitations:

e Stability of the System: it is necessary to leave the control enough slack in
order to properly act on the system. It is however important to remember the
non-linear configuration of the input, which impose a strict constraint to input
magnitude

e Output Tracking: this point will be shown clearly in the following model,
Chapter 4.4, where output variables control is implemented. It is important to
use a small percentage of voltage available to control energy: the remaining
part is necessary to control the output.

4.3.1 - Simulation Results

Imposing the output current, the overall energy stored in one phase leg has a brief
transient after which it oscillates around the steady state reference value: the
amplitude of the oscillation is less than 1% and the frequency is the same of the
output signals. The waveform is shown below, in Fig. 17.
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Figure 17 - Overall Energy Stored in the Converter Phase (Joule): steady-state condition
of the overall energy in a converter phase
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proper value. Even if the mean value can be found, the alternate component of the
differential current in order to balance energy/voltages requires a transient.

brief transient, it reaches a steady state oscillation around the reference, 1% of
amplitude compared to the overall energy value and with the same frequency of the

The energy difference between upper and lower arm has a similar behavior: after a
output (Fig. 18).

Initial transient is caused by the difficulty in finding a proper initial condition for the
system: even if the capacitors are charged, also differential current has to be set to a

Figure 18 - Difference Between Upper and Lower Arm Energy (Joule): steady-state

condition of the difference energy
In these cases, transient with oscillations are present and they will be discussed and

The steady state behavior is stable as expected: some problems may occur, especially
deepened in coming sections.

if dynamic changes of the energy are imposed.
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4.4 - Third model: Output Power Control

With the third implemented model, the goal is to deepen the behavior of the converter
about the output current control: proved the overall and balance energy control
stability, it is now possible to introduce the control of the output current.

To track the output current, a resonant controller is used; a standard Pl structure
would be insufficient to cancel the sinusoidal error, so a different approach is
necessary to be adopted. The resonant controller is the most suitable for a single-
phase system: however, considering the three-phase general structure, a D-Q or Space
Vector transform will be chosen for the control structure, in order to simplify the
complexity of control loops.

A MATLAB Embedded block is added in order to implement the output current
dynamic equation; then, a resonant controller is applied to output current error, as it is
shown in Fig. 19. The controller is composed of two main contributions: a
proportional, and a resonant part. The Bode diagram is shown below in Fig. 20. The
resonant peak is in correspondence of the frequency of the output and can be changed
dynamically in order to follow different outputs (in terms of frequency).

e g
i_v_err e_v_ref
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) I
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TF1

Figure 19 - Resonant Controller MATLAB Scheme

Bode Diagram

Figure 20 - Bode Diagram of Resonant Controller
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The output of the resonant controller is a reference for the inner alternate voltage ey,

which again will be achieved through the control of modulation indexes.

The general scheme implemented in MATLAB for the third model is represented in

Fig. 21.
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Figure 21 - Third Model MATLAB Control Scheme
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4.4.1 - Simulation Results

Simulation results show that adding control loop for the output current does not
impact the energy behavior of the system.

Both overall energy and the balance between upper and lower arm behave as shown in
previous examples: thus, it is possible to consider that energy control and output
current control are decoupled. This is possible because of saturation imposition:
actually, limitations and constraints on differential voltage are important both for
stability of the system and output variables tracking.

If tuned properly, the energy control system will use a small fraction of the DC
voltage; the remaining part is used to guarantee the output tracking. Differential
current control exploits only a small quantity of the voltage available; the rest is used
to control the output.

If the trade-off between the energy control and output power control is properly tuned,
energy loop and output loop can be considered decoupled.

Fig. 22, shows the behavior of differential current; the current has a DC component of
1.1 A, and an alternating component around 0.1 A of amplitude.
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Figure 22- Differential Current Waveform (A)
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The error of the output current is shown in Fig. 23; it is possible to see that, after a
brief transient, the current reaches almost the desired value with an error less than 1%
of the steady state value of the output current.
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Figure 23 - Output Current Error (A)
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Figure 24 - Zoom of Output Current Error (A)
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Fig. 24 shows a zoom of the fast transient of output current error, almost impossible
to be seen in Fig. 23. The initial error is of course big (the output current starts form a
null value), but after few milliseconds the error is less than 1% of the steady state
value.

The dynamic behavior of the system needs to be investigated. To this aim, a dynamic
change of the overall energy is imposed in order to show the behavior of the system.
The imposed change is not connected to any particular working situation; it is just
used to show the dynamic response in time and damping, obtained with the control
system. For instance, this increase of the overall energy may be related to a failure
mode condition, considering the increase of energy a way to maintain the system
stable even if a certain part of the converter is not working properly.

Simulation results, illustrated in Figs. 25 and 26, show the behavior in case of a
simple proportional regulator: actually, is not a usually accepted operation response in
dynamic systems. Even if the response itself is fast, the damping obtained with a
proportional controller is not satisfying, especially in the overall energy control loop.
These results call for a PD configuration of the controller: adding a derivative action,
enough phase margin can be reached, in order to smooth the oscillation of the system.
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Figure 25 - Dynamic Response of Overall Energy Stored in Phase Leg (Joule): transient
generated by a step-change in the overall energy reference
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Figure 26 - Dynamic Response of the Difference between Upper and Lower Arm Energy

Derivative action is underlined with red background in Fig. 27 and simulation results

are shown in Figs. 28 and Fig. 29. Energy behavior improvements are evident and the

control system now works as expected.
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Figure 29 - Difference Energy with PID Regulator (Joule)

Figure 28 - Overall Energy Behavior with PID Regulator (Joule)
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4.5 - Fourth model — Mega-Watt System

The model presented and studied in previous sections was a KW power system: in this
chapter the analysis and simulation results will be proven on a MW power system.
The MW power system requires only changing the limitations on the differential
voltage available: as much as the power increases, as much the differential voltage,
used to control the energy stored in the system, has to increase.

The control system scheme remains exactly the same, and will be proven to be
reliable and tightly dependent with system parameters: however, an important
consideration has to be deepened about system project.

Even if not compromising stability, %™ plays a fundamental role in the operation of
the system: the sizing of this parameter has to take in consideration the voltage ripple
that it’s considered to be acceptable. When considering the previous simulations (the
kW power system) C*"™ was big enough in order to minimize voltage ripples in the
upper and lower modules: considering a MW power system, it is important to discuss
the size of the capacitor in order to understand the relationship between this parameter
and control constraints.

4.5.1 - Capacitance - Voltage Ripple Relationship

Starting from voltage derivate equations in (13), here rewritten for convenience,

dugy _ Ny . Ny
dt ~ carm Laiff +2carm lv

du& n, . n, .
dt = carm Lairf — 2Carm lv (13)

it is possible to find a relationship between voltage and arm capacitance. Considering
only the upper arm voltage (but same results would be obtained considering lower
arm voltage), it is possible to substitute currents with their behavior over time

idl'ff = IO (37)
iy = I sin(wt) (38)

For the differential current, it is possible to consider only the DC component: this
component is used to maintain the capacitor voltage to a constant value.

It is possible to integrate the voltage equation in the positive half period of the output
current, yielding
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1
carm

Py 0 __
Uy — Uy =
where modulation index con be considered as

1—m(t)
2

ny(t) =
with the hypothesis that

m(t) = sin(wt)

Substituting (40) and (41) in (39) we obtain

5 0 1 (™1 1-sin(wt) _ 1 — sin(wt)
UGy, — Uy = C“—rm,fo [IO — + Iy sin(wt) #] d(wt)

s 0 __ L [b_ I
ucu ucu - Carmw 2 3 2
1 s
+ Carmjo sin(wt)? d(wt)
1 Iy Iy Iym
ufu_ué)u: 5= EE)

carmey |2 T2 42

fon ny [y + Iy sin(wt)] d(wt)

(39)

(40)

(41)

(42)

—[—cos(wt)]§ + IZM [— cos(a)t)]g]

(43)

(44)

Finally a relationship between C*"™ and voltage ripple is found as

tof5=1] - tu[5 3]

Carmw

X 0o _
Uey — Uey =

(45)

With this equation it is possible to understand the system operation and thus to size
properly the capacitance of the arm, once assigned output current and calculated the

DC component of differential current, in order to satisfy voltage ripple constraints.

54



1.5 sin(wt + @) kA
mF
Q

9 sin(wt) KV
Ry=0.1Q
Ly=5 mH

50Hz

20 KV
uZy(ref) = 20 KV

Tab. 1 — List of system parameters

uZ, (ref) = 20 KV
Carm - 5

R=0.1

L=30 mH

Ug
Iy
f

Up

x 10
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Figure 30 - Overall Energy (Joule) Steady State Waveform

4.5.2 - Simulation Results

Parameters of Mega-Watt power system are listed in Tab. 2.

The first simulation shown in the report shows the steady state operating conditions of

the MW power converter: as expected, the general behavior of the converter is

unchanged in comparison with the kW power converter.

The only change can be seen in the order of magnitude of variables observed. Figs. 30

and 31 show total energy and balance energy waveforms.

2.015¢



Ti;ne (s)

Figure 31 - Difference Between Upper and Lower Arm Energy (Joule)
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Figure 32 - Differential Current (A) in Steady State Conditions
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Conditions

In Fig. 32 differential current behavior is shown: continuous component increased
x 10

proportionally to output current and line voltage, in order to balance output power
increase. The alternate component remains limited and guarantees stability in upper
and lower arm voltage. It is possible to notice the DC component, around 340 A, to
balance output power and the AC component to balance Upper and Lower voltages.

oscillations of these voltages are related to capacitors designed for the converter. In
order to reduce the ripple it would be necessary to increase the capacitor in each sub-
module: however, with the actual design and control tuning, voltage ripple is less than

Fig. 33 instead shows upper and lower arm voltages: as deepened in previous section,
1%.

Figure 33 — Upper (Blue) and Lower (Green) Arm Voltages (V) in Steady State
however the best way to test control stability and performances of the total energy

loop.
all requirements: rising time is around 500 ms and there is no overshoot or relevant

Even with a 50% change of the overall energy reference, the loop response respects
oscillations around the new steady state condition, as represented in Fig. 34.

variation of the overall energy stored in the converter. As in previous models, this
kind of simulation is not representative of a particular operating condition: it is

The second simulation aims to test dynamic response of the system, in terms of step



The influence of the overall energy loop on the balancing control loop is almost
negligible, due to the frequency decoupling performed with control loops, and can be
seen in Fig. 35.

From Fig. 36, it can be noted that differential current waveform respects all
expectations: there is a short transient between initial and final steady state conditions
in order to accomplish the overall energy reference change

The same dynamic response can be seen in upper and lower arm voltages as
represented in Fig. 37.

3.2

Time (s)

Figure 34 - Overall Energy (Joule) Step Response with a 50% Change of the Overall
Energy Reference
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Figure 37 - Upper (Blue) and Lower (Green) Arm Voltages (V) with a 50% Change of
the Overall Energy

4.5.3 - Simulation Results: Sub-Modules Failure Mode

In order to properly test also the balancing loop and to verify the coupling with
overall energy loop further simulations are necessary: the initial condition of
capacitors is set so that the system starts from an unbalanced condition. Thus, it will
be possible to understand if the decoupling is possible in both directions of
interaction: previous simulations showed that overall energy loop slightly influences
balancing loop, but it is not possible to conclude the same for the opposite coupling.
This initial unbalance condition is related to a fault condition, where a certain number
of broken sub-modules are bypassed: in order to remain in a fail-safe region, the
control has to be fast and reliable, reaching the steady state condition without
overshoots or oscillations.

Fig. 38 shows the overall energy behavior: starting from an unbalanced initial
condition, the interaction between balancing loop and overall energy loop is not

negligible.
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Figure 38 - Overall Energy (Joule): Response to Unbalanced Initial Conditions

The balancing loop acts slowly and takes a longer transient to set to zero the error, as
can be noted in Fig. 39. The overall energy loop instead acts immediately to reach the
steady-state reference value. As a consequence, the unbalanced initial condition leads
to dangerous operation due to an important overshoot of the overall energy stored in
capacitors, as clearly emphasized in Fig. 38.

The differential current flowing through the leg is the same for both upper and lower
sub-modules: even if only one of the arms needs to be charged, the differential current
will charge both of them, leading to a condition where the overall energy of the
system overshoots greatly the reference value. This can be clearly understood
analyzing the upper and lower arm voltage waveforms, shown in Fig. 40. It is
possible to notice the overshoot of booth voltages, due to the same charging current.

61



x 10

I

=

3

Time (s)

Figure 39 - Difference between Upper and Lower Arm Energy (Joule): System Response

2.8

2.6

2.4

2.2

1.8

1.6

14

1.2

to Unbalanced Initial Conditions

WWWHWWW A

3
Time (s)

Figure 40 - Upper (Blue) and Lower (Green) Arm Voltages (V): System Response to

Unbalanced Initial Conditions

62



The balancing loop acts as a disturbance for the overall energy loop, trying to reduce
the unbalance with the same charging current and thus slowing down the dynamic
response of voltages.

In order to reach the overall energy reference, control loop requires a high value of
differential current, which instantaneously charges both upper and lower capacitors.
The problem is mainly caused by the fast response of the overall energy loop: the
differential current required, in order to set to zero the error, charges both upper and
lower arm sub-modules, leading to a non-acceptable overshoot.

Thus an improvement in the control strategy is required, taking into account that the
differential current will charge anyway both upper and lower sub-modules.

In the event that one could ignore output variables behavior during the transient, it
would be easy to eliminate the overshoot: the already charged arm would be
bypassed, eluding the problem shown in previous simulations. But, as the tracking of
output variable references is imposed, no significant improvement can be obtained
from “low level” control.

Thus, the best solution is to work directly on the differential current: this approach
will permit to guarantee output variables to follow reference (with just a brief
transient) and reduce significantly overshoot in the energy response.

It is important to note that a significant overshoot reduction cannot be achieved
retuning the parameters of regulators; this because the small capacitors used in sub-
modules have a charging dynamic too fast for preventing completely overshoots by
acting on the converter regulators .

In this thesis, parameters will not be changed, but instead an improved control scheme
will be investigated and proposed. In order to prevent energy and voltage overshoots,
differential current is monitored and controlled. As it is not possible to directly control
this current, thus a feed-back-like structure is realized on the differential voltage loop
that influences overall energy loop.

If differential current overcomes a safe range, a proportional action acts in order to
decrease the differential voltage contribution and thus limit differential current. In
Fig. 41 the scheme representing the principle of operation is shown. Violet blocks are
used to compare differential current with an equivalent saturated current (saturation is
imposed to remain in a safe range of operation) and a proportional controller is then
imposed to the “error”.

Figs. 42 and 44 show the improvement of energy and arm voltages behavior: the
differential current control reduces arm voltages overshoots, and thus overall energy
overshoot. Actually, uncharged sub-modules reach voltage reference smoothly,
without overshoots: the already charged arm has however a small overshoot, due to
charging current. The behavior of the converter is now acceptable, and the overall
energy overshoot is less than 10%. Balancing of energy behavior remains almost the
same, compared to previous simulations and it is shown in Fig. 43.
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4.5.4 - Simulation Results: LVRT

Last simulations shown in this thesis are related to Low Voltage Ride Through issue:
in order to simulate this operating condition, grid voltage is set to zero for 200 ms
as represented in Fig. 45.
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Figure 45 — Grid Voltage (V) during LVRT

The aim of this simulation is to see the energy behavior of the system; internal
transient and current ripples need a more precise and focused modeling approach, but
it is not in the scope of this thesis. What the simulation is supposed to proof is the
reliability and safety of energy control system in faulty operating conditions.

It is plausible to expect a transient before the system reaches a new “fail” steady-state:
after this condition, a new transient will lead the system back to the healthy operating
conditions.

Actually, the system behavior fulfills expectations: as shown in Fig. 46, the overall
energy is stable and has a small transient, leading to a steady-state condition.
Balancing control too, is able to maintain upper and lower arm voltages to the same
desired value, as illustrated in Fig. 47.

Fig. 48 and 49 show the waveforms of capacitor voltages and differential current,
respectively. The transient during LVRT is coherent with what expected. Differential
current mean value is zero during the fault as the output power drops to zero. The
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alternate component instead remains almost unchanged, in order to maintain the
balance between upper and lower arm voltages.
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Chapter V

5.1 — Motivation for a new modelling approach

From results obtained and showed in previous chapter, it possible to conclude that
linear control behaves properly in steady state condition and in certain dynamic
operation condition.

However, as underlined in Section 3.3, it is really hard to investigate advanced and
robust control strategy, due to high non linearity in model equations.

Even if the linear control strategy gives a satisfying response, parameters changing,
failure modes, fast dynamic requirements scenarios may introduce problems in the
stability of the system: thus, these possibilities call for a deepening in different control
approaches (for instance adaptive, robust, feedback linearization, optimal control etc).
In order to facilitate these studies, a new model approach here is proposed: the aim of
this modelling approach is to obtain “more linear” equations: even if it is not possible
to derive a completely linear model, it is desirable to apply advance control
techniques to a simpler set of equations.

5.2 — Modelling Principles and Equations

A new <imnlified schematic of the MMC leg is proposed and shown in Fig: 50: grid is
not *Eoc ed because not strictly necessary in this analysis, but must be introduced
to build a simulation model.

L

Figure 50 - New Simplified MMC Leg Model
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With reference to Fig 50, it is possible to write voltage loop and current equations
following Kirchhoff’s laws.

dip .
VP_VO :Lpﬁ‘l‘Rplp (46)
diy ]
VN_VO =LNE+RNI'N (4‘7)
iO = ip + iN (48)

Defining Sp and S, as modulation indexes, respectively of upper and lower arms, it is
possible to write:

EDC - Vp = SpEp (49)
VN = SnEn (50)

It is also possible to define dynamic equations for equivalent capacitors voltages,
depending on modulation indexes:

CPW = Spip (51)
dE
CNd_tfv = _SNiN (52)

It is possible to assume that output current reference is assigned: the problem of
controlling this current has a consequence in arm currents control.

These arm currents are supposed to maintain the overall energy to a desired value, to
balance the difference between upper and lower arm energy and to guarantee output
current to follow assigned set-point.

Thus, it is possible to write equations (53) and (54), in which the differential current is
introduced:

ipref T iNrer = loref (53)
iD ref = iP ref — iN ref (54)

From (53) and (54), it is possible to calculate upper and lower arm current references:
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. iO ref + iD ref
lpref = - 2 (55)

. iO ref — iD ref
iy oy = LTL LT (56)

The problem can be easily solved if differential current reference is assigned: as
mentioned before, this quantity has to be determined in order to maintain sub-module
capacitors charged and balanced.

Using equations (55) and (56) it is possible to calculate the arm current references,
then it is possible to create the current control loops as represented in Fig. 51.

+
1
-

i
D ref + ,l'p VPref
"—‘?—P 1/2 re O—p -  »
+
N 5_ > 1/2 Iner  + o Bl Vv ref

i * -
O ref
Iy

Figure 51 - Currents Control Loops

From equations (49) and (50) it is then possible to calculate modulation indexes,
whose expressions are given in (57) and (58):

Epc = Vprer
Sp ref — E = (57)
P
Vy £
Sn ref — ETe (58)
N

In order to find differential current reference, it is necessary to write and analyze
energy equations of MMC leg: instead of writing upper and lower energy equations,
total energy and unbalance energy equations are suggested.

Let’s consider Wy and Wp as total energy and difference energy between upper and
lower arms, respectively:

1 1 1 1 1 1
Wr =5 CpER + 5 CyER + 5Ll + 5 Lyif + 5 Rpif + 5 Ryif  (59)
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Introducing capacitor voltages and currents references, then equations (61) and (62)
are obtained:

1 . , .
Wrrer = ECPEgref +_CNE1%Iref +_LP1F2’ref +_LNLI%Iref +_RPLI%ref

2 2 2 2
1
+§RNll%lref (61)
1 2 2 -2 1 .2 1 )
WDref = ECPEPref _ECNENref +§LPlPref _ELNLNref +§RPlPref
1
- E RN ll%l ref (62)

It is possible to assume that voltage drop contribution created by currents on arm
impedance is negligible in comparison with capacitors voltage contribution: in order
to find a dynamic relationship between energy variations and variables available to
control MMC, equations (63) and (64) are introduced.

dWr . .

dt = (Epc — Vo)ip — Vpiy (63)
aw, ] ]

dtD = (Epc — Vo)ip + Vpiy (64)

It is necessary to point out differential current contribution: thus, substituting upper
and lower arm currents with their reference expressions, i.e. equations (55) and (56),
yields to

dWr ip +ip ip —ip Epc ) Epc .

FTE (Epc — Vo) > Vo > = ( > Vo) lo + TlD (65)
dWp ip+ip ip—ip Epc, Epc ,

i (Epc — Vo) > + Vo >~ o + ( > Vo) ip (66)

If output current and voltage are periodical functions, with period Ty it is possible to
integrate equations (65) and (66), leading to

To /g E To
AW, = j (ﬂ _ VO) ipdt + ﬂf ipdt 67)
0 2 2 0
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Epc (To To (E
AW, = ch ipdt +f (LC— VO) ipdt (68)
0 0

These equations show clearly differential current contribution in system energy
dynamic operation: total energy WT depends form differential current mean value,
Wp instead depends form the alternate component of differential current having the
same frequency as output voltage.

These considerations can be summarized with the following scheme, Fig. 52.

Limitation (f)
3 "D,T,req %’MAX "D,LowFrequency
+ .
5 ’Dref
EE——
A+
Limitation (f)
WD
WD."Ef = Low iD,D,req ’D'l MAX
20— e LS I X
+
(m) [
D,Hihgh Frequency

T B

Figure 52 — Energy Control Scheme Diagram

5.3 — Control Proposal

In this Section, control scheme previously described is explained extensively.
Compared with the control approach of Chapter Ill, used for simulation results in
Chapter 1V, this new approach provides a cascade structure.

Two different loops are realized, an energy loop and a differential current loop:
energy loop provides a differential current reference, which is tracked by the current
control loop.

Energy loop is composed of overall energy control and balancing control.

Current loop is composed of upper current control and lower current control.

The complete control scheme is shown in Fig. 53.
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Following equations (46) and (47), current control loop is pretty easy to be tuned:
actually, between upper and lower arm voltages and arm currents only an R-L low
pass filter is present. Then, through equations (49) and (50), modulation indexes, real
system input, can be calculated.

Once control loop is tuned, it is possible to work on energy loop: using equations (65)
and (66), it is possible to control total energy and balancing dynamics. Thus, an
integrator is not necessary to set to zero total energy error and balancing error (i.e. an
integrator is intrinsically present in the system).

Control suggested and shown in Fig. 53 includes PD controller: this control structure
IS again based on a frequency decoupling, where balancing loop is tuned to be slower
than total energy loop.

Simulation parameters chosen are the same used in the Mega-Watt system discussed
in Section 4.5.

In Figs. 54, 55 and 56, the simulation of a steady state condition is shown: the initial
transient is due to equation structure. A differential current derivative equation is not
present in the model, thus it is not possible to impose the initial condition.

It is however possible to see that after 2 s a steady state condition is reached without
overshoot or oscillation.
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Figure 54 - Upper and Lower Arm Capacitor Voltages
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Further simulations, concerning dynamic behaviour of the system, will be carried out
in the near future: however, it was considered important to show a simple simulation
introducing the validity of the approach.

A comparison with model proposed in [8] (that has been used in the beginning of this
thesis to deepen system operation and control strategies) will also be developed: as an
introduction, next Section will briefly compare the equations of the two models in
order to propose future control possibilities.

5.4 — Future Works

Besides to basic control strategy described in previous paragraph, new modeling
approach gives a set of equations which are easier to be used in order to deepen
advanced control strategies.

It is possible to compare energy equations between the new proposed model and the
model described in [8]:

dW¢ . .

Frake (up — 2uqisy)iairs —eviv (34)
dVVCA Up . ,

ar (T - udiff) ly —2eylgifr (35)
dWT EDC . EDC .

= (5 Vo)io+ 550 (65)

dWD EDC . EDC .
a2 (2 )”’ (66)

Neglecting notation differences, the high non-linearity of equations (34) and (35) is
smoothed considerably in equations (65) and (66).

Total energy in equations (34) is controlled through differential current, which is a
“square” non-linear input for the system (see Section3.3): in equation (65) instead, the
input is linear because the differential current is multiplying the DC voltage, which
can be considered constant.

A similar consideration may be done about balancing equations: equation (35) is
highly non-linear for input variables (differential voltage and differential current),
instead equation (66) has a component of the input which is still linear and can be
used to implement advanced control strategies.

Equations (34) and (35) give few chances to develop advanced control techniques,
due to their intrinsic non-linear structure.
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Equations (65) and (66) instead, make it easier to define advanced control strategies
based on model inversion, feed-forward actions, and feed-back linearization.

All these possibilities will be investigated in near future and their functionality and
performances will be compared with standard linear controllers already implemented
and discussed in this work.

80



Chapter VI — Conclusions

The aim of this project was the analysis of a Modular Multilevel Converter (MMC)
for wind farm applications and the development of a control scheme to monitor the
energy behavior.

The analysis was based on the use of a simplified circuit, constituted by a single leg of
the converter, where all the modules in each arm were represented by a single variable
voltage source. The circuit model was derived as a system of differential equations,
used for analyzing both the steady state and dynamic behavior of the MMC, from
voltages and thus energy point of view.

Preliminary analysis was carried out following the modeling approach proposed in
[8]. Using this model, the system behavior has been studied and a possible energy
control scheme has been developed. The numerical simulations have shown that the
system is operating correctly under steady-state and transient operating conditions,
except for initial conditions with unbalanced capacitor voltages. To reduce the large
voltage overshoots due to this unbalanced initial condition, an improved control
scheme has been developed.

In Chapter V, a new modeling approach was proposed, aiming to define a set of
equations more suitable for advanced control implementation.

With the new modeling approach a significant contribution to control issues will be
possible: in the near future, a comparison between the new modeling approach and the
one proposed in [8] will be investigated.

New control structures will also be developed, in order to accomplish all dynamic

requirements required by the particular application, i.e. to comply with the new grid
code standards.
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