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Abstract

This paper describes a control design strategy of Modular Multilevel Converters (MMC) for High
Voltage Direct Current (HVDC) applications to operate during normal and AC fault conditions.
First, a steady state analysis of the converter is performed to identify the uses of the current
components within the control strategy. Based on the initial stationary study, a complete converter
control structure is proposed, which enables full control of the MMC internal energy during normal
and AC fault conditions. A detailed design procedure is included for the current and energy
regulators, in order to be able to ensure a dynamic response under any grid condition. Finally,
theoretical developments are validated through simulation results by means of a detailed model in
normal operation and during an AC voltage sag.

Keywords: HVDC transmission, Modular Multilevel Converters, Voltage-Source Converters,
unbalanced operation.

1. Introduction

Classic Line Commutated Converter (LCC) High Voltage Direct Current (HVDC) transmis-
sion is a well established technology for long distance bulk power transmission [1]. However, the
new Voltage Source Converter (VSC) HVDC technology is gaining market due to its black-start
capability and independent control of active and reactive power, its suitability to operate in weak
Alternating Current (AC) networks and the ability to design compact substations enabling offshore
use [2].

VSCs are common in low and medium power motor drives and renewable generation systems.
Typically, a VSC uses Insulated-Gate Bipolar Transistors (IGBT), enabling a controlled two or
three-level voltage output driven by Pulse Width Modulation (PWM) [3]. This is not well suited
for high voltage applications as the rated voltage of IGBTSs is limited to a few kilovolts. Some
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manufacturers chain multiple IGBTSs to create high voltage switches; however, this requires a so-
phisticated drive circuit that is not easy to scale for very high voltages. To overcome this problem,
Modular Multilevel Converters (MMC) were first proposed in [4] and different topologies have
been adopted by different manufacturers since then [5-7]. MMC is foreseen as the technology
of choice for VSC-HVDC. Besides enabling higher voltages, they have several additional bene-
fits such as reduced harmonic content, reduced transformer dv/dt stress and great potential for
standardization.

Unlike two-level VSCs, MMCs combine a large number of individually-controlled sub-modules
(see Fig. 1) rather than chained IGBTS, requiring a sophisticated control structure. When com-
pared to former well-known converter topologies, the MMC is more challenging to control due
to its use of combined AC and DC current and voltage waveforms which have different roles in
regulating the energy of the converter. These roles are not obvious but must be fully utilized in
order to ensure that the converter can operate under all possible scenarios, including those with
asymmetrical network voltages.

Two main types of control structures can be defined for MMCs [8], namely the direct and
the indirect modulation [8]. The direct modulation strategy does not require energy balancing
algorithms to operate, although it causes circulating currents flowing through the circuit [9]. Its
performance can be improved by controlling the SM capacitor voltages [10-14] and/or suppressing
the circulating currents [10, 15-19]. On the other hand, indirect modulation requires an energy
balancing system to ensure a stable operation of the MMC [8]. Two different methods can be
distinguished, the closed loop method [20-22] and the open loop method [23].

The aforementioned works mainly consider balanced AC grid operation. Other publications
specifically deal with the operation under unbalanced AC grid voltage conditions. In [24], Guan et
al. analyze the performance of the MMC during unbalanced AC faults, focusing on the control of
the AC positive, negative and zero sequence and its impact on the converter variables. Regarding
direct modulation strategies, in [25] a DC voltage ripple suppression method is proposed to elim-
inate second-order harmonics in the DC bus voltage. Also, [26] describes an advanced regulator
for the different circulating current components that appear during an unbalanced voltage sag.
In [27] the authors analyze the impact of an unbalanced voltage sag over the converter energies.
Shaohua et. al. [28] describe analytically the components of the circulating current during AC
faults, besides proposing a Proportional Resonant (PR) controller to eliminate them. In [29] a
DC voltage ripple suppression control is proposed, which is combined with the circulating current
control to enhance the fault-tolerant capability of the converter. In [30] a negative sequence current
controller, able to operate the system in open loop, is explained. Then, in [31] a control strategy to
balance the arm currents using common zero-sequence voltage is proposed for converters supplying
passive networks.

Moving to MMC closed loop control strategies, [32] describes an enhanced energy control
methodology which is able to improve the system dynamics when the MMC is operating under
non-stiff DC link voltage conditions. Also, [33] details an energy based controller able to operate
an MMC-based HVDC link under a Single Line to Ground (SLG) fault in one of the terminals,
ensuring its stability and fast dynamics. Focused also in SLG faults, [34] proposes a control
method combining both a normal and a fault operation modes, with a seamless transition between
them. Furthermore, other articles are focused on specific AC voltage conditions that could impose
restrictions on the energy balancing control on the converters. In [35] and [36], the operation of



the converter under these conditions is analyzed, detailing different solutions to be able to stabilize
the converter.

As detailed above, a number of prior publications have proposed different ad-hoc modifications
to the closed loop energy-based control strategies for MMCs. However, to the best of the authors
knowledge, these control proposals do not include a complete control dynamic design procedure
able to ensure the behavior of the MMC in case of a power transient or an unbalanced voltage sag.
This article details a step-by-step design of the MMC control, starting from the basic equations
and ending with a complete energy regulation scheme, able to operate in any grid condition.

First, an in-depth steady-state analysis of the system is conducted, which enables an intuitive
understanding of the role of the different degrees of freedom of current and voltage components
in the converter. Based on this steady-state analysis, specific current components are selected to
regulate specific degrees of freedom of the converter. Then, a current controller design is performed
to ensure an adequate dynamic response for both AC and DC current components within the same
circuit, which is required for the arms current regulation. Then, a simple reference calculation
technique is detailed for both grid and circulating currents considering an unbalanced AC grid
voltage operation. Besides, the dynamic design of the six energy controllers (one per converter
arm) is addressed in order to be able to maintain the energy stored in the converter arms within
the operational limits during both steady-state and transient conditions.

The article is organized as follows: Section 2 describes the converter and its characteristic equa-
tions. Then, in Section 3 a steady state analysis of the converter is developed, further identifying
the uses of the current components within the converter control in Section 4. In Section 5 the
different parts of the converter control are described and the current and energy regulators are
designed. Finally, in Section 6 simulation results to validate the proposed control design in normal
operation and during a voltage sag are presented.

2. System description

The MMC has Ny, sub-modules (SM) in each arm!. These can be controlled individually to
either insert their capacitor in series with the arm or to bypass it, which allows the arm to behave
as a controllable voltage source fed from an aggregated capacitor-based energy storage device [15].
The voltage of the arms can be used to control the current flowing through the converter. The
target current is chosen to achieve the desired exchange of power between the AC grid and the DC
grid as well as maintaining the internal energy balance of the converter. To represent the converter
[37], the circuit equations can be obtained per each phase j (j = a, b, ¢)

VPO i — v — v, = Ryl + L dﬁ+Rﬂ+Ldig (1)
Uu u g n aqy adt S%s Sdt
A y dil y dil

—VPC 4] —v) — v, = —R,i] — Lad_tl + Ryl + LSE (2)

where R, and L, are the resistance and inductance of the arm inductor respectively, R, and L,
correspond to the phase inductor, V.?¢ and V¢ are the voltages of the upper and the lower halves

'Each phase of the converter is commonly called a leg; whereas the upper and the lower halves of a leg are
commonly called arms (see Fig. 1).
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Figure 1: Complete scheme of an MMC converter



of the HVDC link, vg is the AC grid voltage, v/ and vlj are the voltages applied by the upper and
the lower arms respectively, i/ and i} are the currents flowing through the upper and lower arms
respectively and 4/ is the AC grid current. Further, the following variables and parameters are
defined

Viigs = %,(_U;Jr W) (i = ~Uhits 5 Vhum
vg"méfiﬂg J_ L
By = 5(% + Z?) and U% a ?diff gt (3)
RéRer% ii—511fs+@ium
\LéLSjL% | %=~ 5%+ Gum

J.m are the differential and the additive voltages applied by the converter re-
spectively and 7/ is the additive (inner) current, which is common to the upper and lower arms.
Adding and subtracting equations (1) and (2), while applying the aforementioned variable change,
leads to

where v}, and v
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where VD ¢ is half the imbalance between the voltage of positive and the negative HVDC poles.

This will normally be close to zero but can be large under pole-to-ground faults in the HVDC grid.

Also, note that (4) is related to AC side current 7, whereas (5) is related to additive currents i/, .
Then, assuming that no neutral connection is avallable

i+ i°+i¢ =0 (6)

This can be combined with the summation of (4) over j = a,b,c¢ to obtain the voltage of the
neutral point v,

1 a C 1 a
Uy = g(vdiff+vgiff+vdiff)—§(vg—|—v§+v ) Voff (7)
AU?J, é:o
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Note that vJ;;; is controlled by the converter but does not produce any current. This is normally
exploited by VSCs to extend the AC output voltage range using third harmonic voltage injection
[38]. Due to symmetry, (4) and (5) can be written in vector form by combining a, b and ¢ as

abc abc T -abc digbc
abc VDC [1 1 1:| — —9R.i cabc 2L dl?ﬁ?n (9)
sum - al sum dt

where R, R,, L and L, are 3x3 diagonal matrices with R, R,, L and L, terms at the diagonal,
respectively.



3. Steady state analysis

The voltage applied by the converter arms and the current flowing through them contain both
AC and DC components. These play different roles in the power exchange between the AC and
DC networks and the energy stored in the converter itself. In order to better understand these
roles, it is useful to perform a decoupled AC and DC steady state analysis of the circuit. Next, this
analysis is detailed distinguishing between AC and DC components for both the grid and inner
currents.

3.1. AC analysis

For the AC analysis, assuming V;?fc is purely DC, equation (8) can be expressed in the phasor
domain as:

vee —vee v 101 1) =2Z1% (10)

where Z is 3x3 diagonal matrix with the term R+ jwL at the diagonal®. It is convenient to apply
the Fortescue transformation to the former equation [39]. The Fortescue transformation @1~ of
a phasor vector % is defined as

L
@-i——[) A FQabC —_ g 1 Z_? ]_)2 Qabc
1 1 1
. =27
with p = ¢/"3". Multiplying equation (10) by F leads to
L =2 Vi~ V)] (11)

As noted earlier, the zero sequence component of the current flowing towards the AC grid is
zero and therefore can be removed from the result. The current flowing towards the AC network,
I, is used to exchange power with the AC network and can be controlled using the differential
voltage, K:lrz;f In addition, multiplying the phasor domain expression of (9) by F yields

1
[0 = V-0 (12)

1 sum - ﬁ_sum
La

where Z, is the arm impedance R, + jwL,. The positive and negative sequence components of
the additive current I can be used to exchange energy between the upper and the lower halves
of the converter to achieve internal balance while the zero component 1%, = should be kept close to
zero to avoid AC voltage distortion in the DC network.

3.2. DC analysis

The DC analysis is performed equating the derivatives of current in (8) and (9) to zero. As
with the AC analysis, it is convenient to distinguish between the zero sequence component and

2w is the grid frequency



the rest of the current. In the DC case, this can be done by using the Clarke transformation [40],
which is defined as

2 -1 -1
@QBO L C@abc ==-10 \/g \/g @abc (13)
3
1 1 1
Transforming the steady state DC form of (8), assuming that the DC grid voltage V;”BDC is

zero, leads to
Vigpe = i in

As in the AC case, the zero sequence component of I is strictly zero; however, the remaining DC
current 1%°P¢ can flow through the transformer windings and must be kept equal to zero in order
to avoid undesired core saturation. This can be controlled using vd f f . In addition, applying (13)
to the steady state DC form of (9) leads to

JeBDC _ _ Va,BDC 15
sum 2R sum ( )
and
IODC — VDC VODC 16
sum 2R ( sum ) ( )

The zero sequence component of the additive DC current is used to exchange power between the
converter and the DC network and can be controlled using VS2¢. On the other hand, 122P¢ is

controlled through V2P and can be used to exchange energy between different legs of the con-
verter to achieve internal energy balance. This will be important under severe voltage unbalances

in the AC network, where the power exchanged by different legs will be significantly different.

4. Converter current components uses

In this section, a summary description of the MMC current components and their corresponding

uses within the converter is included, distinguishing between grid 9% and inner currents 79% .

e Grid AC current components I,. These currents can be expressed in abc magnitudes or in the
Fortescue domain + — 0, in order to decouple the positive and negative sequence components
from the zero sequence component.

— Grid AC positive and negative sequence currents I ~. These currents must be regu-
lated continuously in order to establish an active/reactive power transfer between the
converter and the AC grid.

— Grid AC zero sequence current I0. This component is zero due to the three-wire con-
nection of the converter.

e Grid current DC components 19°°PC. These currents can be expressed in abc magnitudes or
in the Clarke domain a0 in order to decouple the converter a8 current components from
the zero sequence component.



— Grid DC af currents 19°P¢. These currents should be regulated to zero to avoid
DC currents flowing through the AC grid, which could cause saturation of magnetic
components.

— Grid DC zero sequence current I9P¢. This component is zero due to the three-wire
connection of the converter.

e Inner AC current components I % These currents can be expressed in abc magnitudes or
in the Fortescue domain 4+ — 0 in order to decouple the positive and negative circulating

sequence components from the zero sequence component.

— Inner AC positive and negative sequence currents I}~ . These components are used to
compensate energy deviations between the upper and lower arms. An energy unbalance
may appear transiently during a power flow change or an AC voltage variation, and

steadily during an eventual DC pole voltage imbalance.

— Inner AC zero sequence current I2 . This component must be controlled to zero in
order to avoid an AC current component flowing through the DC link. Note that, the
AC zero sequence component is different from the DC zero sequence component, which
is related with the DC link power transmission.

e Inner current DC components 122°P¢  These currents can be expressed in abc magnitudes
or in the Clarke domain a0 in order to decouple the converter a3 circulating currents from

the zero sequence component.

— Inner DC af currents 19°PC During an unbalanced voltage sag, each phase unit ex-

changes a different amount of power with the AC grid, which is causing a sustained
unbalance in the energy stored within the converter legs. These DC current a8 compo-
nents are used to balance the energy stored in the converter legs during these type of
faults.

— Inner DC zero sequence current I%P¢. This component is directly related with the

current flowing through the DC link. It is different from zero, if the converter injects
or absorbs power from the DC grid.

The nature and uses of each of the grid and current components are summarized in Table 1.

5. Converter control

In this section, a design methodology for the converter controllers is proposed based on the
parameters shown in Table 2. An overview of the control structure proposed for the converter is
shown in Fig. 2, detailing the different stages and possible operational modes.

The control strategy must be designed to meet several objectives:

e Control the different degrees of freedom of the MMC by means of specific current components.

e Control the AC and DC components of the grid and additive currents flowing through the
converter.



Measured Signals

Table 1: Converter current components and their uses

Comp. Freq. Comp. Use
AC —+,- Active and reactive current to the AC
I grid (continuous).
0 Equal to 0 due to three-wire connec-
tion.

DC a,f Controlled to zero to prevent DC cur-
rent flowing through the AC grid.

0 Equal to 0 due to three-wire connec-
tion.

AC +,- Internal power exchange between upper

I and lower arms (transient).
s 0 Controlled to zero to avoid AC distor-
tion in the DC grid.

DC a,f Internal power exchange between
the legs of the converter (continu-
ous/transient).

0 Power flowing to the DC grid (continu-
ous).
Operation Power Grid current Grid
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Figure 2: Overall MMC control structure
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Table 2: System parameters for an example MMC

Parameter Symbol Value Units
Rated power S 526 MVA
Rated power factor COS (p 0.95 (c) -
AC-side voltage U 320 kV rms ph-ph
HVDC link voltage Vbe +320 kV
Phase reactor impedance Zs j 0.05 pu

Arm reactor impedance Ly 0.01+j 0.2 pu
Converter sub-modules per arm Nyrm 400 sub-modules
Average sub-module voltage Vinodute 1.6 kV
Sub-module capacitance Chrnodule 8 mF

e Establish a power exchange between the AC and the DC grid.
e Continuous balancing of the energy stored in the converter arms, avoiding large deviations.

e Enable the converter operation under any grid condition.

To meet these objectives, the following parts of the control structure are addressed:

e Grid and additive current reference calculation considering unbalanced AC grid voltage con-
ditions.

e Design of the grid and additive current regulators to track AC and DC current references.
e Design of the energy regulators to balance the energy stored in the converter arms.

Based on this structure a complete control scheme can be implemented as shown in Fig. 3. Next,
the design of each part of the structure is addressed in detail. The current reference calculation
strategy (Fig. 3 green sector) is explained for both grid and inner currents in Section 5.1. The grid
(Fig. 3 orange sector) and inner (Fig. 3 yellow sector) current control dynamic design is described
in Section 5.2. Finally, the converter arm energy control (Fig. 3 blue sector) dynamic design is
addressed in Section 5.3.

5.1. Clurrent reference calculation

As in most VSC topologies, the control structure for an MMC consists of a high-level power
and energy controller which produces current reference values for a nested current controller, which
in turn gives output voltage commands to a switching signal generator (see Fig. 2). Although the
calculation of current reference values has elements in common with that of a two-level converter,
the greater number of degrees of freedom of the MMC makes it of greater complexity.

5.1.1. AC network current reference calculation

DC' component of the AC network current. As discussed earlier, the zero sequence component of
the AC network current is strictly zero due to the three-wire connection, and the reference of 1¢°P¢
is set to zero and must be controlled to avoid transformer saturation.

10
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AC component of the AC network current. The AC network current references can be calculated
using the same methods as in classical two-level converters. Under balanced conditions, the two
degrees of freedom of the current can be adjusted to obtain the desired active and reactive power
exchange with the AC network [40]. However, when considering unbalanced AC network voltages
several options exist [41], and the preferred solution has not been selected yet. The most common
choice is to set the negative sequence current to zero and export only positive sequence current
chosen to obtain the desired active and reactive power exchange. This causes an asymmetrical
exchange of power between the AC network and the different legs of the converter even in steady
state, which needs to be compensated by the converter to ensure internal energy balance. The
calculation of the current reference is simplified by applying the so-called Park transformation
matrix T(#) to voltage and current variables. The Park transformation is equivalent to the Clarke
transformation combined with a rotation of angle # and can be obtained as

cosf) —sinf O

01 = R(f) C 0% R(0) = |sinf cosf 0 (17)
——
m 0 0 1

Following the nomenclature introduced by Akagi [40, 42], the non-oscillatory terms of the in-
stantaneous active and reactive power of the power exported to the AC grid, P, and (), respectively,
can be calculated from the positive voltage and current qd components as:

3 . . 3 . .
P, = 3 (vg+zg+ + U;H_Zg—i_) P Q= 5 (Ug+z§l+ — UZ+ZZ+) (18)
Assuming U;” to be zero, which can be granted if the angle of the Park transformation is chosen
to match the angle of the positive sequence, the current references can be calculated as

gt ol (19
Ug Vg

This approach is sometimes known as the feed-forward method, as opposed to an alternative
approach where the current reference is obtained from the output of a PI controller fed with the
error between measured power and reference power. A discussion about their advantages and
drawbacks can be found in [43]. If the converter is connected to a weak grid, the coupling between
output current and grid voltage seen by the converter may require further consideration as shown
in [44]. Finally, if the losses of the converter filter are not negligible, these can be included in the
calculation of (19) for better accuracy [41].

5.1.2. Additive current reference calculation
DC component of the additive current. The zero sequence component of the DC additive current
I9P% is used to export power from the converter to the DC grid P;, whereas the rest of the DC

additive current is used to exchange power between converter legs P,_,, and P, ,.. It is convenient
to define the following new power variables

Pa%bépa_pba Pa%cépa_Pca Pté ZPJ (20)

Jj=abc
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where P; ~ V,PCI0C,
Similarly to the case of the AC network current, the approximation above assumes the losses
of the arm inductors to be negligible. This enables calculating the current references in the Clarke

reference frame as

sl oL L][H
i | = 3700 |V V3 =V3| | Pi, (21)
o S B S U Pise

Under normal operation, most of the DC additive current will be zero sequence and it will be in
charge of ensuring that the power exchanged between the converter and the AC network is equal
to the power exchanged with the HVDC link. However, under severe voltage imbalances in the
AC network, the DC additive current of phases a, b and ¢ can be significantly different in order to
compensate the power imbalance between phases.

AC component of the additive current. The AC voltage applied by the converter arms will be close
to the AC network voltage. This can be seen from (11) given that Z is small. When comparing
the AC voltage of the upper and the lower arms, they will have opposite signs. Therefore, the
additive AC current 7~ can be used to exchange power between the upper and lower arms of the

=sum
converter. On the other hand, the zero sequence component [ Qum must be set to zero to prevent
AC current flowing to the HVDC link. Unlike the AC network current, the additive current can
contain positive and negative sequence components with no impact on the AC grid. The power
exchanged between upper and lower arms can be obtained by multiplying the AC arm voltage by

the AC additive current. The AC arm voltage can be approximated as

VFeos(wt) + V™ cos(wt + 1))

2T 2
Vit g b V2 V;F cos(wt — ?) + V7 cos(wt + ¢ + 3) (22)
2 2
V;F cos(wt + ?ﬁ) + V,~ cos(wt + ¢ — %)

where 1 is the angle between the positive and the negative grid voltages. The AC additive current
can be expressed as

I, cos(wt+~)+ I, cos(wt+ «)

sum

2 2
jabe /9 |13, cos(wt + 7 — §> + I, cos(wt + o + ?ﬁ) (23)
2m B 2m
I} cos(wt+ v+ ?) + 1, cos(wt+a— ?)

where v and « are the angles of the positive and negative sequence additive current respectively,
taking the positive sequence grid voltage as the reference of angles. Multiplying arm voltages by
the additive currents for phases a, b and ¢ while eliminating the oscillatory terms at the double
line frequency yields

sum sum

Pl () = VyIj,cos(y—1) + VIS, cosy + VI, cos(p — ) + VTIo, cosar (24)
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_ 47
PO = Vy Licos (7= 0= 5 ) 4 Vi L cost0)

o _ 47
+V, L, cos(v — a) + V;r]sum coS (a + —) (25)

4
PrL(t) =V, I, cos ('y -+ %) + V, I, cos(y)+

S _ dm
+ VI, cos(v — a) + VI, cos (a — ?) (26)

Note that there are four parameters that need to be chosen (I}, , I, @ and 7) in order to
adjust three power variables (P?,,, P,, and P, ). The redundant degree of freedom can be used
for secondary purposes such as minimizing losses. Here, ~ is chosen to be zero, thus the positive
sequence current is chosen to be aligned with the positive sequence voltage. By introducing this

condition, the former equations can be rewritten in a more compact form

P | 0 V, cosy I, cosa
P = 0 Vi =V, sin| | =1, sina (27)
Py Vcosy =V, sing Vi It

\/_/ ~"~ - ~\~
P X I

where the new power variables are defined as
1 C a
1
Py £ S(V3PL,, = V3P,,) (28)

1 a c

Based on the power references given by the energy controllers to maintain the energy balance
between upper and lower arms, the current references can be obtained from (27) as

I, cosa 1 My My M| | P
—I,,,sina| = —5 | Ma My Mas| | Po (29)
L (V) = (V)2 M3z, Mszy Msz| | Ps
- ~ S~
I P
o 25+ Teos(20) — DV )?
L2 (o) — (Y )
sin(2¢)(V.7)?
My = My, = ——( I g ) i My = V;“

2V
Mz = Mz, = —cos(¥)V, 5 Maz = Mzy = sin(y)V,

g
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This equation has a discontinuity when V; = V7, resulting in very high current reference
values when voltage sags with high imbalance occur. One way to overcome this problem is to
disable the AC component of the additive current upon detecting such disturbance and enabling it
once the fault is cleared [35]. Even though this makes the converter unable to control the balance
between upper and lower arms during the sag, it is worth noting that there are no sources of
sustained drift between upper and lower arms unless faults occur within the converter itself.

5.2. Current control

Although the equivalent circuit of the MMC is more complex than that of a two-level converter,
by using the transformations introduced earlier it is possible to transform it into two separate cir-
cuits that can be controlled independently using well-known inverter control techniques. However,
in the MMC, additive currents contain DC plus AC components and modulation techniques are
prone to introduce disturbances in both domains. Therefore, the current controllers must be
designed to track references and to reject AC and DC disturbances. Under such requirements,
there is no advantage in transforming voltages and currents using the rotating Park matrix (17).
Therefore, the Clarke transformation matrix (13) is applied in order to separate the zero sequence
component from the rest. Applying (13) to (8) and (9) yields

o N dzo‘ﬂ
ve, — v =R+ L — p (30)
dZaBO
v — VP 0 1} = 2R, — 2L, d;m (31)

Note that all these equations are decoupled, therefore individual single-input single-output
(SISO) controllers can be used for each of them. Here, the current controller of choice is a two-
degree of freedom structure with a conventional PI controller and an AC reference pre-filter F(s)
[45]. The control structure is shown in Fig. 3, in the grid and additive current control part. This
strategy enables the controller to track both AC and DC references with the desired tracking error.
The parameters of the PI controllers are chosen using an inverse-based design [46] where the PI is
set to cancel out the current dynamics and to introduce an integrator that enables achieving the
desired performance. In the case of the AC network current, the transfer function of the controller

K(s) is defined as

ko _ k;_ L
K(s) = LM, hypos = =, kiy = R (32)

s Ts Ts
where 7, is the resulting closed-loop time constant which is normally chosen in the range of few

milliseconds [47]. The same controller structure K, (s) can be used for the additive currents, by

choosing " iy ol 5 R
Ksum<8> = psum? Z_Sumu kpfsum = _(I’ Ki—sum = - (33>

S Tsum TS’le

Once the current controller has been defined, the AC reference pre-filter is calculated to compensate
the deviation applied by the closed loop controller. The pre-filter F'(s) is a lead compensator that
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corrects the gain M; and phase M, deviation at the grid frequency w, as

s+ wi 1+ M, w =w/ya
L a=. 2 (34)
s+ wo 1— M, wy = wy/a

1 1+ M
Ky = D My= |
r= a0 M =0, (35)

As an example, the grid current controller is designed according to the parameters in Table 2
to track references in 10 ms (settling time). Fig. 4 presents the bode diagram relating the DC
(Fig. 4a) and AC (Fig. 4b) component reference with the respective current components, showing
that the controller is able to track AC and DC current references with 0 dB and 0 phase delay.
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Figure 4: Closed loop transfer function for the grid current controller. a) DC current regulation: without an AC
reference pre-filter. b) AC current regulation: with an AC reference pre-filter.
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5.3. Energy Control

The energy regulators of the MMC sit on top of the additive current controllers. There are
six energy variables (as many as arms in the MMC) controlled by six different regulators. It is
useful to define a new set of energy variables, which will be controlled using the converter additive

currents
E,= > E+ > E (36)

j=a,b,c j=a,b,c
Easy = (B + E}) — (B, + E) (37)
Eose = (B, + E}) — (B, + EY) (38)
El., =E -E] (39)

where Fj is the total energy stored in the converter, E, ,; and E,_,. are the differences of energy
between legs a and b and a and ¢ respectively, and EY ., is the difference of energy between the
upper and lower arms of leg j with 7 = a,b,c. These are linear combinations of the total energy

stored in the arms, which can be approximated as [17]

] 1 Cmodule j 2 j 1 CVmoclule j 2
E'IJA ~ 5 . (Uifs) ; Elj ~ 5 Ny (,Uljfs) (4())
where v/_, and vljfs are the sums of the capacitor voltages of all sub-modules of the upper and

lower converter arms, respectively.
In order to achieve sustained operation, energy differences between legs and between upper and
lower arms must be regulated to zero while the total energy of the converter must be regulated to

its rated value, given by

1 Cmodule
Er=6-=
! 2 Narm

where V,,oque 1S the nominal voltage of each sub-module.

(Narm . ‘/module)2 (41>

5.3.1. Total energy and energy differences between legs

The total energy of the arms F; is affected by the mismatch between the power exchanged with
the AC network and the DC network. Then, although the total energy could be regulated using
the AC or the DC power references, it is normally controlled using the DC power reference P;. In
addition, the energy differences between legs F,_;, and FE,_,. are caused by the differences between
the active power exchanged by each converter leg under AC network voltage imbalances. These
differences can be controlled using the DC power exchanged between legs P ,, and P, .

The energy controller structure can be seen in Fig. 3 within the energy control part. These
controllers are composed of a feedback term, plus a feed-forward term corresponding to the power
exchanged by each converter leg with the AC grid PJAC, expressed in terms of the total power

exchanged Ptf 7 and the differences between legs PJ ilg and P//* as

aer
P]AC ~ vé i (42)
PIS & PO R, Iz & PO pIC 9
ey e "

j=a,b,c
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To design the controllers, a simplified scheme of the system is depicted in Fig. 5. The transfer
function between power and energy is an integrator, while the transfer function between power
references and actual power G;_, . (s) can be modeled as a first-order system with unit gain and
a time constant set according to the design specifications of the additive current controllers. The
feed-forward loop includes a first-order low-pass filter Fiy,,(s) to avoid exceeding the bandwidth of
the additive current controller. Moreover, a notch filter N(s) is also included to avoid that the
controller attempts to compensate the energy oscillations due to the natural AC ripple.

AC
Disturb Feed-fc d ffw
P PACls urbance eed-forward | P
e Energy ffw
’ ;AC Control F fw(s) P E Eq e
a—C Pffw a—b
a—C t
Syst *
Sy P, e P, Ny €, A‘i‘ o
E K E
l_l U + P P* N t A+ t
T GO | Ne) O K j—= Eq
E lTl  \L a—c a—cC f\+ K(s) Ea»c ( )+ E*
a—c |i| / / a—c a—c

Figure 5: Simplified scheme to design the energy regulators to balance the total energy of the converter and the
energy differences between the converter legs

The following 2" order notch filter structure can be used to cancel a specific frequency

N, (s) & s+ w?

14 2w,/Q + w?
where w, is the AC frequency to be avoided and () is the quality factor of the filter. In this case,
N(s) is chosen as a series combination of N, (s) and Na,(s) in order to cancel line and double-line
frequencies. The effect of choosing different values of @) is shown in Fig. 6. Here, a quality factor
of 3 is chosen, which shows good performance filtering the AC components without a significant
degradation of the time response.

(45)

_ O = ........
= D
=20 i AN
g - Q=05 ;o ohf
.éﬁ 40 O-1
=) Q=2
2 _60 Q:3 ................ . .
10° 10" 10° 0 0.02 0.04 0.06 0.08
Frequency [Hz] Time (s)

Figure 6: Bode plot (left) and step response (right) of the notch filter used for canceling line and double-line
frequencies

The energy controllers are designed considering a disturbance rejection problem through a loop
shaping strategy. The control specifications are:
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e Maximum energy allowed error: 10% of the rated total energy.

e Settling time of 1 s to achieve a +2% deviation from the set-point value, after a power
disturbance.

Based on these requirements, a tentative frequency response of the system can be defined. For
the three controllers, the worst-case scenario disturbance assumed is a step change of the nominal
power. Hence, as the system plant to be controlled (Fig. 5) and the worst disturbance input are
equivalent, the regulators employed to control E;, E, ,, and E, . are also equivalent. To design
them, the relevant transfer function to be analyzed is the one that relates the power disturbances
(PAC, PAC and PAC)) with its corresponding energy error (eg,, ep, ., and eg, ), typically named
SGy [45]. Then, a maximum gain imposed to this transfer function can be defined based on the

maximum disturbance input (500 MW) and the maximum energy error (10% deviation)

Emas 0.1-E;
1SG 4,4, | = 2010g, i 20logq 200 10°

a—b

~ —46 dB (46)

In addition, the low corner frequency of SG4 is chosen to be 1 rad/s, in order to achieve the
desired settling time. Based on these boundaries, the shadowed area in Fig. 7a is defined. Then,
the parameters of the controller can be selected to fit within the defined area. To verify the design
methodology, in Fig. 7b the response of the designed controller for a nominal power step response
is included, showing that the disturbance is rejected in 1 second without exceeding the maximum
defined error.
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Frequency [Hz]
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Figure 7: Bode diagram and step response of SG transfer function

5.3.2. Energy differences between upper and lower arms

Imbalanced AC grid voltages are not a source of sustained drift of the differences between the
energy stored in the upper and lower arms. However, small amount of error may still appear during
transients, which favors the inclusion of a feedback controller. The plant to be controlled (shown
in Fig. 8) has a similar structure to that of the total energy (see Fig. 5); therefore, the regulator
design methodology employed is equivalent.

6. Case study

In this section, different simulations are carried out in Matlab Simulink® to validate the dy-
namic design of the proposed controller. The system parameters used for this study are shown in
Table 2. Next, the different conducted simulation studies are detailed:
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Figure 8: Simplified scheme to design the energy regulators to balance the upper and lower arms of the converter

e Power step change response of the converter under normal conditions.

e Unbalanced voltage sag operation while injecting nominal power.

e Comparison of the proposed controller with other control methods.

All results are shown in per unit values according to Table 3 base values.

Table 3: System base values

Magnitudes Symbol Value Units
Base power S 526 MVA
Base DC voltage ~ V,P¢ 640 kV

Base AC voltage VAC 320  kV rms ph-ph
Base DC current e 821 A

Base AC current IA¢ 949 A

6.1. Simulation model description

The MMC model used for the simulations is built based on the accelerated model proposed
in [48]. This model allows to access to each individual sub-module voltage and provides enough
accuracy compared to a complete model [49]. Each sub-module is represented by a capacitor that
is charged or discharged depending on its switching state and the current that is flowing through
its arm. The modulation technique implemented is the Nearest Level Control (NLC) technique
[50], which calculates the number of active sub-modules in each arm and uses a reduced switching
frequency strategy to increase the efficiency of the converter.

6.2. Normal operation mode

Fig. 10 shows the converter response to a power reference set-point change from 0 to nominal
power (injecting to the AC grid) at time 1 s. The power reference is changed following a first
order system evolution with a settling time constant of 100 ms [47]. A detailed legend for the color
codes in Figs. 10, 11, 12, 13 and 14 is shown in Fig. 9. It can be observed that the converter AC
and DC power reach the steady state in the defined time. Fig. 10 confirms that the total sum of
the energy of the arms is affected. However, the energy controller is able to compensate the effect
without important deviations.
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Figure 10: Simulation results of a nominal power step change
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6.3. Unbalanced voltage sag

Fig. 11 and Fig. 12 show the converter response to an asymmetrical type G voltage sag [51],
considering a remaining positive sequence voltage of 0.5 pu and a negative sequence voltage of
0.25 pu. The simulated voltage sag starts at time 3 s and the voltage is fully restored at time
5 s. Although in a real network, a deep and highly unbalanced voltage sag condition would be
sustained for less than 250 ms [52], in this case, the sag has been extended for 2 s to validate the
controller stability.

Note that the converter only injects positive sequence current. Due to the voltage imbalance,
the power injected to the grid presents an oscillatory component at double line frequency. The
power injection is reduced by the same ratio as the positive sequence voltage of the grid. Besides,
the remaining converter current capacity is employed to inject reactive current to the grid, as
required by grid codes [53]. It can be observed that the total sum of the capacitor voltages
(converter energy) is affected by the voltage sag (see Fig. 11). However, the proposed controllers
are able to regulate the converter energy back to their normal state. Finally, Fig. 12 shows how
the converter goes back to its initial state upon clearing the fault without a significant deviation.

Grid MMC upper arms MMC lower arms HVDC
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B
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Figure 11: Simulation results of an asymmetrical voltage sag

6.4. Comparison with other control methods

In this section, a comparison between the proposed control strategy and two other well-known
controllers is carried out. The first controller (C1) [15] consists of a direct modulation strategy
including a circulating current control suppression. The second strategy (C2) [20] is based on a
closed loop energy control strategy (equivalent to the proposed one). Both strategies include a
decoupled positive and negative grid current controller [54], which is able to maintain the negative
sequence at zero, while supporting the grid using only positive sequence current. Next, both MMC
control strategies are simulated under the previous defined voltage sag conditions. Note that, the
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Figure 12: Simulation results of an asymmetrical voltage sag
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Figure 13: Simulation results of an asymmetrical voltage sag for control strategy C1 [15]
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Figure 14: Simulation results of an asymmetrical voltage sag for control strategy C2 [20]

design of the controllers has been optimized in order to obtain the best possible response of the
system.

Fig. 13 shows the behavior of the direct modulation strategy presented in [15]. It can be seen
that the AC grid currents are balanced due to the action of the decoupled positive and negative
sequence current regulator (1st column - 2nd row of Fig. 13), obtaining similar results to the
control proposed in this paper (see Fig. 11). However, focusing on the converter inner and DC
side magnitudes, it is observed that the DC current and power appear completely distorted (last
column of Fig. 13). This transient is reflected in the converter upper and lower arm currents
and in the total sum of the arm capacitor voltages (last row of Fig. 13), showing a larger ripple
compared to the simulation results shown in Fig. 11. According to these results, the converter
would be eventually disconnected due to the large current and power transients.

Fig. 14 shows the response of the closed loop control structure described in [20], which is
conceptually closer to the strategy proposed in this article. As in the previous case, the AC side
results are equivalent (1st column - 2nd row of Fig. 14), due to the decoupled positive and negative
sequence controller. Focusing on the DC side, the transient observed in the DC current and power
(last column of Fig. 14) is much slower than the one shown by the proposed concept (see Fig. 11),
as the current is not controlled ensuring a dynamic response. This power difference between the
AC and DC exchanged power causes an important oscillation of the total capacitor arm voltage
(last row of Fig. 14), which may lead to the disconnection of the converter, if the sub-modules
voltage limitations are exceeded.

Essentially, the main difference between C1 and C2 and the methodology presented in this
paper is the inner control of the converter. The response of the converter towards the AC grid is
equivalent in the three cases. However, the proposed controller achieves much better regulation
of the inner dynamics of the converter by means of a current controller in combination with an
adequate reference calculation strategy and an energy controller that is able to minimize the energy
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deviations.

7. Conclusion

A control structure for the half-bridge-cell based MMC to operate in any grid condition has
been presented. First, a steady state analysis of the converter is carried out to identify the current
components to be used to regulate the converter degrees of freedom. Based on this analysis, a
complete reference calculation strategy to obtain the grid and additive current references from
the corresponding power references is described, also considering unbalanced grid conditions. To
apply these current references, current regulators are designed to be able to track both AC and DC
current components. Finally, regulators to balance the converter arms stored energy are designed
using simplified models of the converter. With the proposed control structure, the converter is able
to operate despite the grid conditions, maintaining the converter balanced. The control strategy
proposed is validated through simulations under both normal and unbalanced grid conditions.
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