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Abstract—This paper presents a feedback/feed-forward control
strategy to improve the voltage balancing of modular multilevel
converters (MMCs) under unbalanced grid conditions. The in-
clusion of a feed-forward compensation improves the disturbance
rejection capability against asymmetrical faults and sudden volt-
age imbalances in the ac grid. The floating capacitor voltages of the
MMC are controlled in two stages. The first one equally distributes
the voltages in each arm, and the second one balances the energy
among the six arms. This last control stage is also divided into the
called horizontal and vertical balancing. Based on a detailed anal-
ysis of the power terms disturbing the MMC arm energies, the con-
trol strategy is tailored to improve the voltage transient response
by adding feed-forward terms to both horizontal and vertical bal-
ancing controls. In addition, various approaches to manage the
MMC under unbalanced grid conditions are compared regarding
several aspects, such as capacitor voltage ripple, balancing perfor-
mance, and negative-sequence current injection. Advantages and
disadvantages of both the proposed and the conventional energy-
based control schemes are also studied, showing that the voltage
control performance can be improved by enhancing the existing
MMC control systems.

Index Terms—Capacitor voltage balancing, feed-forward con-
trol, modular multilevel converter (MMC), unbalanced operation,
voltage-source converter (VSC)-based high-voltage direct current
(HVdc) transmission systems.

I. INTRODUCTION

HE modular multilevel converter (MMC) is a promising
T technology for ac/dc power conversion in applications
such as offshore wind farm integration, multiterminal dc grids,
and flexible ac transmission systems [1]. The MMC can also
be used in high-voltage direct current (HVdc) links, having the
advantages of the voltage-source converters (VSCs) over the
traditional line-commutated converters namely, independent
control of active and reactive powers, fast transient response,
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capability to supply weak or passive networks, and black start
capability [2].

The MMC was first proposed in 2002 [3] from a concept in-
troduced by Alesina and Venturini [4] in 1981. Previously, the
multilevel VSCs were mostly based on neutral-point-clamped
(NPC), flying-capacitor (FC), and cascaded H-bridge (CHB)
converters. These topologies present some drawbacks for high-
power and high-voltage applications [5]. The NPC and FC con-
verters have practical limitations due to the significant complex-
ity increase when the number of levels is high; also, they do not
have a fully modular and scalable design. The CHB converter
has a modular structure, but the shortcoming of requiring iso-
lated dc sources for its H-bridge modules. In comparison with
these multilevel VSCs, the MMC has many advantages [6],
among which are: 1) the higher modularity and scalability eas-
ily handles high voltages by cascade connection of hundreds
of low-voltage submodules (SMs), thus avoiding long strings
of series-connected insulated-gate bipolar transistors (IGBTs);
2) the higher number of voltage levels produces a nearly si-
nusoidal output waveform, allowing small (or no) harmonic
filter requirements; 3) its lower switching frequency reduces the
converter losses, reaching an efficiency closer to the thyristor
technology. Other benefits of the MMC are that its hardware
complexity grows linearly as the number of levels increases
and its reliability is improved by using redundant SMs; it also
has better fault management, smaller footprint, and it allows
transformerless operation.

The MMC is currently being developed by many manufactur-
ers such as Siemens, ABB, Alstom, and EPRI, representing the
last generation of high-power VSCs. It has been implemented in
the Trans Bay Cable project (a 400 MW HVdc link of 200 kV
dc voltage and 216 SMs per arm), in the France-Spain electrical
interconnection (INELFE) project (2 x 1000 MW HVdc links
of £320kV with 400 SMs), and in other projects in construction
and planning stages [1].

The control system of the MMC controls the ac-side, dc-
side, and circulating currents, but its most challenging task is to
control and balance the floating capacitor voltages. For a proper
operation, the MMC control strategy has to regulate the total en-
ergy stored in all the converter capacitors, to balance the energies
among the arms (inter-arm balancing), and to equally distribute
the voltages inside each arm (intra-arm balancing). The inter-
arm balancing can be divided into horizontal balancing (inter-leg
balancing) and vertical balancing (intra-leg balancing).
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Several techniques have been proposed to control the SM ca-
pacitor voltages (see a description of the different techniques
in [1] and [6]-[8]). They can be classified into distributed and
centralized methods, open-loop and closed-loop schemes, and
by those performing the voltage balancing before or after the
modulation stage. For a particular application, the choice of the
balancing technique depends on: the complexity when the num-
ber of levels increases, the impact on the switching frequency,
the output waveform distortion, and the capacitor voltage ripple
(see [9] and [10]). The sorting (or module selection) methods
with reduced switching frequency (RSF) are very effective and
widely used to perform the intra-arm balancing [7]. On the
other hand, energy-based control schemes have recently gained
attention to perform the inter-arm balancing because the arm
energies can be controlled in a closed-loop manner, thus allow-
ing to choose the convergence rate of the voltage balancing,
and also because the balancing is achieved by acting on the
internal circulating current so that the ac and dc output current
waveforms are not affected [1].

The energy-based control scheme was introduced in [11],
further developed in [12]-[15], and more recently studied in
[16]-[19]. However, these works and other control approaches
such as [20]-[23] considered balanced grid conditions when de-
signing and testing the energy balancing controller. The MMC
was analyzed under unbalanced ac grid conditions in [24]-[33],
but these studies are only focused on the output and circulating
current controls, and they do not discuss the inter-arm energy
balancing issue. More recently, the energy-based control scheme
was studied under unbalanced grid conditions in [34], but it was
implemented with the same algorithm that the one previously
proposed for balanced conditions. Modifications in the balanc-
ing algorithm were introduced in [35] and [36] to enhance the
MMC operation during asymmetrical faults. These approaches
have both advantages and disadvantages depending on the tran-
sient response performance, the requirement of an accurate grid
phase tracking, as well as the amount of third-harmonic offset
voltage and negative-sequence current injected by the balancing
control [37].

In this work, improvements in the transient response and
energy balancing performance of the MMC are achieved under
grid imbalances and asymmetrical faults by adding feed-forward
terms to both the horizontal and the vertical balancing controls.
A detailed analysis of the power terms disturbing the MMC
arm energies is presented and used to extend the energy-based
control scheme to generalized grid voltage conditions. The in-
ner current control loops are designed in a stationary reference
frame and a discrete-time domain, which avoids tracking the
phase angle of the grid voltage and allows an easy computa-
tional time-delay compensation. In addition, a comparison of
different control approaches to manage the MMC under un-
balanced grid conditions is also presented, and advantages and
disadvantages of these approaches are discussed in terms of
capacitor voltage ripple, balancing performance, and negative-
sequence current injection. The 401-level MMC of the INELFE
project is considered to validate and test the proposed control
schemes.

The paper is organized as follows. Sections II and III intro-
duce the MMC model and the control of the converter currents,
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respectively. The strategy to balance the arm energies and the
different approaches to control the MMC under unbalanced grid
conditions are described in Section I'V. In Section V, a thorough
evaluation of the proposed and the conventional energy-based
control schemes is presented. Finally, conclusions are drawn in
Section VI.

II. MMC MODEL

Applying the Kirchhoff’s laws to the electrical circuit of
Fig. 1, the dynamic equations of the MMC currents can be
written in the o« stationary reference frame as follows (see
[38] and [39]):

L) = <R vy Vi (1)

Ly = —Ril + Vi @)

2/3Lsige = —2/3Rsiac + V200 — vac 3)
whereiy? =[i¢ i T, i?if =[i%, ifir ]7, and iq. are the ac-side

current, the circulating current between converter phases, and
the dc-side current, respectively; the following Clarke transfor-
mation is used to convert the variables from the abc reference
frame to the o3 reference frame
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The superscripts o, o, and (3 stand for the zero, «-axis, and (-
axis components. The parameters R; = R, + 1R, and L, =
L. + 1/ L are defined, as well as the auxiliary voltages

Vp +Vp Vi — Vp
Vsum = T, Vdif = T (5)

where v, v,,, and v, are the voltage vectors of the positive
arms, negative arms, and ac grid, respectively. The rest of the
variables and parameters are shown in Fig. 1.

The arm currents can be written as

sz

o id(: Zg e

p = ? + 5 + Leir (6)
i i

iz sde g9 iz 7

i 3 5 + i, (7

where the subscript z € {a, b, ¢} represents a phase of the con-
verter, and subscripts p and n indicate the positive and the
negative terminal (see more details of the MMC modeling in
[39] and [40]).

The dynamic equations of the SM capacitor voltages are

SMjz
. v, ’ .
sMSMjz _ Ycp i
C bep = RSM Sptp ®)
Yon - RSM Sn

where s/ is 1 or 0 depending on the state (ON or OFF) of the cor-
responding IGBT (see Fig. 1), and the subscript j € {1,..., N}
represents the SM number in each arm. The sum of all capacitor
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Fig. 1. Topology and parameters of the MMC.
voltages in one arm will be denoted by just the resonance frequency [43]. The control model is also
N extended with an auxiliary variable w which goes one-sample
armz SMiz time behind the control input (e.g., Vgifr = Wait(x—1))- In this
Wny = D Vtpiny- (10)

i=1

III. CONTROL OF THE MMC CURRENTS

The dynamic (1)—(3) can be written in a state-space repre-
sentation of the general form X = Ax + Bu. This system in
the continuous-time domain is digitized by using the zero-order
hold discretization and represented in the discrete-time domain
by xi + 1 = Gxj + Huy, where the matrices of the discrete
system are calculated as G = eA”s and H = fOT‘“ eATdrB, be-
ing T the control sampling time [41]. Therefore, applying the
above discretization to the continuous-time equations (1)—(3),
the following discrete state-space representation is obtained

saf _ saf I5 B

k1) = Gilge +Hivgi, —Hyvy (1D
a3 _ aff af
lcir(k +1) — GS Lirk + HSVsumk (12)
Ggek + 1) = Gaclaek + HacVmy, — /v2Hacvaer. (13)

and i4q. can be independently con-
trolled by using the voltages vgi?, vel , and 2, , respec-
tively. Their controllers are designed using the decoupled current
models (11)—(13); proportional-integral-resonant (PIR) con-
trol blocks are considered to track both dc and ac refer-
ence signals. The double-line frequency (2w) components in
both the circulating and the dc-side currents are eliminated
by adding a proportional-resonant (PR) control block with
2w resonance to their control loops. The control parame-
ters are tuned using the optimal linear-quadratic method [42].
This approach of using PR controls in the stationary refer-
ence frame allows to control all the sequence components of
the converter currents (i.e., zero, negative, and positive) with-
out steady-state error. It does not require a grid phase track-

ing method, and it only uses a frequency-locked loop to ad-

cir?

el 0l
The currents 133, i%

way, the controller considers the computational time delay, im-
proving the tracking performance, and having a faster transient
response.

Once the duty cycles are computed from the controller, the
nearest level control (NLC) modulation is used to obtain the
IGBT gate signals. This staircase-type modulation is preferred
for high-voltage and high-power applications (i.e., MMCs with
high number of SMs) over other techniques based on pulse-
width modulation, selective harmonic elimination, and nearest
vector control, because it allows lower switching losses, lesser
computational effort, and a simpler implementation [5]-[7]. A
block diagram of the whole MMC control strategy is shown in
Fig. 2 and further described in the next section.

IV. STRATEGY TO BALANCE THE ARM ENERGIES

The energy-based control scheme controls and balances the
SM capacitor voltages in two stages. In the first one (intra-arm
balancing), the capacitor voltages inside each arm are equally
distributed using a sorting algorithm with RSF modulation [44].
In the second stage (inter-arm balancing), outer control loops in
cascade with the current controllers perform three tasks: the total
energy control, the horizontal, and vertical energy balancing.
This paper is mainly focused on this second stage.

The total energy control regulates the energy stored in all
the converter capacitors (i.e., the sum of the six arm energies).
The total stored energy is affected by the difference between
the ac-side active power and the dc-side power. The horizontal
energy balancing (or inter-leg energy balancing) equalizes the
sum of the positive and negative arm energies of the three phase
legs (i.e., it regulates the energy stored in the capacitors of
each leg). The vertical energy balancing (or intra-leg energy
balancing) nullifies the energy difference between the positive
and the negative arm of each leg. These balancing and energy
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Fig. 2. Block diagram of the MMC control strategy including both voltage balancing and current control loops.

control tasks will be described in the following sections and
extended to unbalanced ac grid conditions.

A. Arm Energies Under Unbalanced Grid Conditions

Considering (5)—(7) and neglecting resistive losses, the posi-
tive and negative arm powers p, = v, i, and pj, = v; i, can be
written as

z z
p— Pp =

-
I

ide g

(Ugunl - vflif) (;)( + 59 + qu) (14)
.2 2 Z'dc iy .

= pi= (i) (-2 4in) as)
where €, and €}, are the time derivative of the arm energies. It
can be seen that these energies are disturbed by the product of
various voltage and current signals which have (under unbal-
anced grid conditions) zero-, negative-, and positive-sequence
components together with a dc component. In the following,
because the star/delta transformer blocks the zero-sequence cur-
rents [34], these zero-sequence terms are not considered.

Let us first calculate the power between a three-phase voltage
signal and a three-phase current signal. Consider, for example,
the a-phase of these generic signals, as follows:

v = VFsin (wt+6%) 4+ V" sin (—wt +07) + vac(16)
i* = T"sin(wt+¢") + I sin (—wt+¢") +iac. (17)

The superscripts © and ~ stand for the positive- and the
negative-sequence components, and w is the fundamental fre-
quency. The magnitude and phase of the voltage (current) are
represented by V and 6 (I and ), respectively, whereas vq. (¢q.)
is its dc component. The resulting a-phase power p* = v*¢* has
several terms [see (18) shown at the bottom of the page]. The
first five terms in (18) are non-alternating powers (i.e., they
have a non-null mean value). Note that if these power terms
are not compensated in (14) and (15), the mean value of the
arm energies (in the following denoted by the symbol €) can ei-
ther rise or fall beyond an acceptable value. Moreover, some of
these non-alternating powers depend on the negative-sequence
components of the voltage and current signals. Consequently,

26" = 2p" =2vqciac+V It cos (97 —07)+V I cos (p =07 ) =V It cos (¢t +07) =V I cos(p” +0")+V IT

x cos (2wt + @ —07) + VI cos (p~ — 0" — 2wt)

+ 2vqc 1" sin (wt + @F) + 2V ige sin (wt + 1) 4+ 2V 7ige sin (—wt + 07) + 2vqc ] sin (—wt + ¢ ")

—V*HITcos (2wt + @™ +67) =V I cos(p +6 —2wt)
(18)
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to achieve a precise control of the MMC, the negative-sequence
components have to be considered not only when the current
controller is designed, but also when the energy balancing is
performed. The last eight terms in (18) are alternating powers
which introduce ripples with frequencies w and 2w in the arm
energies, but they do not deviate the energy mean value.

To analyze the horizontal and vertical energy balancing, it
is useful to define the sum and difference between the arm
energies in each phase of the converter; that is, eZ,,, = e, + €,
and e3;; = ep e; . From (14) and (15), the dynamic equation
of the sum and difference energies can be written using a vector
notation in the abc stationary reference frame as follows:

2
«abc __ abc sabc abc sabc
Coum = gvsum?’dC - dlf © 1 + 2Vsunn lcir (19)
sabc__ _g abe - + abc abc -9 abe sabce (20)
Caif = 3vd1f Zdt Vsum © Vit 1(1r

where o stands for the element-by-element multiplication.

The voltage vgir and current i, can have positive- and
negative-sequence components. When the grid voltage is un-
balanced (e.g., when v~ # 0), the controller has to add a
negative-sequence component to the voltage vgir to regulate
the negative-sequence current i, . In a general case, the current
i, canbe controlled to either a null or a non-null value depend-
ing on the criterion to inject negative-sequence current into the
ac grid under unbalanced grid conditions [45]. This issue will
be discussed below.

B. Total Energy Control and Horizontal Energy Balancing

In this section, three approaches are presented to control and
equalize the energies eZ,,,, , thus achieving the total energy con-
trol and horizontal balancing. Transforming (19) to the oa/3
reference frame and proceeding as in (18), the mean value of
the energy vector €°“ has the following components:

sum

=0 2\/5 de

Csum — TvsumzdC - \[ deIJr cos (SD;L - 9311“)
| _ _
- ﬁVdifIg cos (<pg — 03:¢) 2D
é:Cum = 2U§1fm glfc + ‘/;;:fI; COoS (@; + 0;1L1f)
+ Vhfl cos (gpq —l—GdIf) 22)
ésﬁum = 2v Slim Lgliic ‘/;;:fjg sin (L,D; +9(Jir1f)
+ letIJr sin (¢ + 0g;) - (23)

Because the control is focused on regulating the mean value of
the energies, only the non-alternating power terms are included
on the right-side of (21)—(23). It is observed there that certain
converter currents can be used to control the energy components
€sum - To obtain the references of these currents in the oa3 refer-
ence frame, the current and voltage vectors are converted from
Polar to Cartesian coordinates. A vector x can be represented
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by its magnitude X and phase ¢, or by its components * and
27 as follows:
xT = XFei(Fwito®) _ 0+ + jao (24)
Applying (24) to the voltage vector vqis and current vector
iz, the expressions for their positive- and negative-sequence
components are given by

viit = Vi sin (fwt + 07 (25)
glﬁf = Vi cos (fwt + 63) (26)
it = I sin (2wt + @) 27)
i* = I cos (fwt+ o)) . (28)

Using the relations (25)—(28) in (21)—(23), and after some
algebraic manipulation, it results

d v -
=0 2\/ivsucm L

sum ~ 3

atat 40+, /3+)

1
- \/ﬁ (Udlf g dif Yg

o — 00—

1
\/5 (”dlf g

Ao
+Ud1f i ) = Usum (29)

o 2% de i de

sum Usum Yeir

- 2 (vd1f 2 +’U§$ ;; )

A «
) = uSllHl

at, B— B+ o
dlf g +vd1f )

1
+ 5 (vdei ol (30)

e -
€sum =

de Bde | 1
2vsumzeir + 5 (

+ % (vdlf g + vdlf a+) é usgum (31)

The energy e€Z,,,, proportional to the total stored energy,
can be controlled (total energy control) by using either the
dc power pg. = vfumidc or the positive-sequence active power
pi, = v§Hist +vlfid* [see (29)]. This will depend on the
MMC operating mode [16], [37]. On the other hand, the ener-
gies e, and €2 can be nullified (horizontal balancing) by
using either the dc components of the circulating currents i%%¢
and zfud “ (called HB-A approach) or the fundamental-frequency
negative-sequence currents z ~ and z ~ (HB-B approach) [see
(30)and (31)]. The components of the posmve sequence current
1; are not considered to accomplish this balancing because they
will be used to control the active and reactive powers injected
into the ac grid.

Steps or changes in voltages or currents of the MMC disturb
the energies ewm By defining the auxiliary control inputs ug,, .,
ul > and uf | [see (29)—(31)], all the non-alternating power
terms (disturbances) are compensated in a feed-forward man-
ner. Then, after this control input transformation, a PI-based
feedback control loop is designed to regulate eg,,,, using the
resulting first-order system €., = Ugum -

The current references to perform the horizontal balancing

are obtained from (30) and (31). For the HB-A approach, these
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references are given by

feedback term feed-forward term

B— B+

e} 0/+

%o de 2usu1u + Udlf — Vit lq

Leir = (32)
4Udc
sum
B B+ _ B ca+

xfFde 2usum vdxf ’L Vyit Zg

cir - (33)

> 4vdc

sum

where the feedback and feed-forward terms have been indi-
cated, and the superscript * stands for a reference value. For
this approach, the negative-sequence currents injected into the
ac grid are set to zero (i.e., z‘;a’ =0and i;ﬂ’ = 0). The auxil-
iary control inputs u¢,,, and uf, = are computed from the feed-
back control loops measuring the energy deviations, whereas the
feed-forward terms consider the negative-sequence components
to quickly reject the disturbance.

On the other hand, for the HB-B approach, the current refer-
ences are obtained from (30) and (31) as

e — ot B+~ jat P+
Zg Udlf ,Udif 2ug Ugym + vdlf vdlf Zg
wB— | = B+ a+ 3 -3+ B— a+
7’,(1 Udlf Vaif 2usu - Ud1f g — Vit ’Lg

(34)
and the dc components of the circulating currents are set to zero
(ie., ix29° = 0 and i % = 0).

Finally, the authors in [29]-[31] and [46] eliminate the 2w
ripple (appearing under unbalanced grid conditions) from the
total stored energy of the MMC using the negative-sequence
current i/, in the same way that it was previously proposed
for traditional VSCs [27], [28]. Details on how to calculate the
required current reference iy~ for this approach are given in [29]
and [47]. In the following, this approach will be called HB-C.
Advantages and disadvantages of the three approaches will be
analyzed in Section V-A.

C. Vertical Energy Balancing

In this section, the energies e3;; are nullified to achieve the
vertical balancing. Similarly to the way performed in the previ-
ous section, transforming (20) to the oa3 reference frame, the

.oaf}

mean value components of the energy vector € ;;~ results in

égif :_\[2 (‘/Eljfj(jr COS( (ir - ogif) +V11f cir COb( cir odlf))

(35)
Edit = Vel cos (8, +05¢) + Vit Lo, cos (9, +05;)

(36)
e = VaueLdsin (0f +05¢) + ViieIo, sin (o, + 04

(37

6633

then, (35)—(37) are converted to Cartesian coordinates, obtaining

éﬁif = _\[ (Udlf Leir +Ud1f cir

T Ui ) 2 e (38)
eqir = /Udjlf f: — Uit e — Vit feir +U§I c3n = ugiy  (39)
glf = Udlf cir +Ud1f cir +v§1Jfr flr +,Ug;frl?1: é u(/hf (40)

The energies éq4;¢ can be controlled by using the fundamental-
frequency positive- and negative sequence components of the

circulating current ¢ + it and %~ [see (38)—(40)]. The

clr > eir ? Lll ’ (,11

auxiliary control inputs u3;, ug;;, and ud ¢ are chosen to com-
pensate in a feed-forward manner the non-alternating powers in
the dynamics of €];;, €g;;, and égif, respectively. Then, these aux-
iliary control inputs are obtained from feedback control loops
designed using the system éqif = uq;¢. Because there are four
circulating current components to be chosen and only three en-
ergies to be controlled, an additional constraint is introduced
imposing that the current i};, is in-phase with the voltage v
(i.e., minimizing the injected apparent power [16], [17]). This
condition can be established by zeroing the reactive power

.3+ B+ a+ _ 0

qcn = Udlf Leir — Vdif Yeir = (4D

Finally, the circulating current references to perform the ver-
tical balancing are obtained from (38)—(40) and (41) as follows:

—1 0
e+ _a+ B+ VT 37 ul.
Teir Vit —Yair —VYair ~Vdir —dif
R e at+ B+ V2
Leir V%t Ugit —Vif Vit ug,
= if 42

o= - 8- a— [+ (x+ 3 ( )
cir Yait  Yair  Vair Vair Ui

xf3— B+ a+
Leir “Uqit Vait 0 0 0

These circulating current components are only transiently
used to achieve the vertical balancing; then, they are nullified
in steady state. The whole MMC control strategy is shown in
Fig. 2.

Note that when the energy-balancing control does not con-
sider the non-alternating disturbance powers generated by the
negative-sequence components, they have to be handled only by
the integral action of feedback control loop. On the other hand,
by adding a feed-forward compensation, these disturbances can
be quickly compensated before the feedback control measures
the energy deviation.

V. PERFORMANCE TESTING

The 1000-MW MMC with 400 SMs per arm of the INELFE
project [6] was considered to assess the performance of the pre-
sented control schemes (see converter topology and parameters
in Fig. 1). The tests were performed using detailed models from
the SimPowerSystems toolbox of MATLAB/SIMULINK.

A. Comparison Among Balancing Approaches

The test of Fig. 3 shows the converter behavior using the HB-
A, HB-B, and HB-C approaches (first, second, and third column,



6634

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 8, AUGUST 2017

HB-A approach

HB-B approach
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Fig. 3.

current iq. [pu]. (¢) Sum of all capacitor voltages in each arm v/ "7

C{p/n}

respectively) during a single-phase-to-ground fault applied at
0.5 s and cleared at 0.8 s.

In the HB-A approach, the delivered grid currents are per-
fectly balanced at all times [i.e., ig* =0, see Fig. 3(b1)], and
small dc components in the circulating currents (less than
0.1 per-unit) are injected to maintain the horizontal energy
balancing under the unbalanced grid voltage condition [see
Fig. 3(c1)]. This approach also shows an accurate control of
the arm voltages at both the beginning and the end of the
fault [see Fig. 3(el)]. The HB-B approach has the advantage
of eliminating all the circulating current components even un-
der unbalanced grid voltages. However, to perform the hor-
izontal balancing, it is necessary to inject a high negative-
sequence current into the ac grid [see unbalanced grid currents
in Fig. 3(b2)]. This additional current increases the total current
of the arm, consequently increasing the converter losses, the
IGBT stress, and the ripple in the capacitor voltages [compare
Fig. 3(e2) to (el)].

Finally, as expected for the HB-C approach, the total energy
(sum of the six arm energies) has no 2w ripple during the ac
voltage imbalance [see Fig. 3(f3)]. However, similarly to the
HB-B approach, this is achieved by injecting a relatively high
negative-sequence current into the ac grid [see Fig. 3(b3)], with
the aforementioned drawbacks in terms of IGBT current stress
and capacitor voltage ripple. In the MMC, the ac output cur-
rent passes through the SM capacitors; therefore, differently
to what happens in the traditional VSC, the injected negative-
sequence current increases the capacitor voltage ripple [compare
Fig. 3(e3) to (el)]. In the MMC, the energy is distributed among
the six arms but, although the sum of the six arm energies is

Time (s)

0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9
Time (s)

Comparison among balancing approaches. (a) phase-to-ground ac voltage v, [kV]. (b) ac-side current i, [pu]. (c) Circulating current i.;, [pu]. (d) dc-side
[kV]. () Total stored energy e'0%!

o €2, [KI/MVAL.

sum

constant (without 2w ripple), this does not mean that the energy
of each individual arm is constant (i.e., that the arm voltages
have a lower ripple). Therefore, the HB-C approach, originally
proposed for traditional VSCs with concentrated or centralized
capacitors at the dc bus, is not suitable for the MMC.

To summarize, the HB-A approach has more advantages, such
as lower capacitor voltage ripple and balanced grid currents. In
addition, in the three approaches, the 2w components in both
dc-side and circulating currents are eliminated during and after
the asymmetrical fault [see Fig. 3(c) and (d)], thus reducing both
the losses and the rated current of the arms, and also preventing
that the ac-side imbalances affect the dc side.

B. Disturbance Rejection During Asymmetrical Faults

In this section, the previous unbalanced test was repeated in
order to compare the proposed feedback/feed-forward control
with conventional feedback controls. The transient response of
the energy-based control using the HB-A approach (shown with
black line in Fig. 4) was contrasted with the one of a conven-
tional energy-based control (i.e., without considering the feed-
forward terms). To improve the disturbance rejection capability
of the conventional energy control, the bandwidth of its feed-
back control loop was increased by three, six, and ten times the
bandwidth of the proposed control (red, blue, and green lines,
respectively).

The vertical balancing performance, represented by the mod-
ulus (magnitude) of the energy vector ég{?, is shown in Fig. 4(a).
The control strategy with feed-forward terms quickly rejects the
disturbance, thus allowing a better and faster energy balancing
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Fig. 4. Unbalanced test to compare the feedback/feed-forward control and
three feedback controls with different bandwidths. (a) Magnitude of the energy

vector égi“z [kJ/MVA]. (b) Mean value of the sum of all capacitor voltages in

the phase-c positive arm vg‘;“c [kV]. (c) Duty cycle vector s;} 8.

and even improving the performance of the conventional con-
trol with a ten times higher bandwidth (compare black line with
circle markers to green line with cross markers). Similar con-
clusions can also be drawn by comparing the deviation of the
voltage vy, in Fig. 4(b).

When the proposed strategy synthesizes the arm voltages,
due to its tighter capacitor voltage regulation, it is less prone to
over-modulate in order to compensate the capacitor voltage drop
[see duty cycle vector sgﬁ in Fig. 4(c)]. On the other hand, the
conventional control with lower disturbance rejection capability
(i.e., larger dc voltage drop during a fault) is closer to reach the
over-modulation range [see red lines in Fig. 4(c)].

C. Voltage Balancing and Changes in the Current Reference

Finally, a test under different converter operating modes was
performed in order to assess the current control and voltage
balancing tasks under balanced grid conditions (see Fig. 5). Ini-
tially, the MMC does not inject current into the ac grid (i.e.,
i; = 0); then, at 0.4 s, a 50-ms ramp reference from zero to
the rated current is given, and at 0.6 s the power flow is re-
versed with a 100-ms ramp from rectifier to inverter operation
[see ac-side and dc-side current behavior in Fig. 5(a) and (b),
respectively]. The reactive power reference is set to zero (unity
power factor condition). At the beginning of the test, the arm en-
ergies (voltages) are set to different values [see Fig. 5(c)]. The
horizontal and vertical balancing are shown in Fig. 5(d) and

(e), where the sum and the difference energies &2, and &%’

6635

800

700

600

; i (d) horizéntal ‘téalancing :
disabled
Ir | n— ]
0 -
_1 - .
3 F L T 3 T - T K Rl LS T T T =
(e)  vertical balancing
2 : ] disabled - : ' 1
1 .
0 -
55— — } — — .
€3] intra-arm balancing /j
2 disabled -

0.05

0.150.2 0.3 0.40.45 0.6

Time (s)

Fig. 5. Test under different operating conditions. (a) ac-side current i, [pu].
(b) dc-side current iq. [pu]. (c) Sum of all capacitor voltages in each arm

armz

U 0 [kV]. (d) Components of the sum energy vector (horizontal balancing)
é:ﬁn [kI/MVAL. (e) Components of the difference energy vector (vertical bal-
ancing) 63?{,‘3 [kI/MVAL. (f) All SM capacitor voltages of the phase-a positive
arm v(sfg ia[kV]. (g) Circulating current i.i, [pu].

are presented. To clearly show the performance of the inter- and
intra-arm balancing, their corresponding controls are disabled in
some periods of time. For example, the vertical balancing is dis-
abled between 0.05 and 0.15 s, the horizontal balancing between
0.2 and 0.3 s, and the intra-arm balancing between 0.77 and
0.79 s. It is observed that all capacitor voltages and arm ener-
gies are properly controlled for the different converter operating
conditions. Fig. 5(g) shows how the fundamental frequency and
dc components of the circulating current are transiently used to
achieve the balancing tasks, and then nullified in steady state.

VI. CONCLUSION

A feedback/feed-forward control strategy was proposed to
improve the voltage balancing of MMCs under unbalanced grid
conditions. A detailed analysis of the power terms disturbing
the inter-arm energy balancing was performed. Based on this
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analysis, feed-forward compensations were designed for both
horizontal and vertical balancing control loops. These com-
pensation terms improved the transient response performance
of the energy balancing under sudden grid voltage imbalances
and asymmetrical faults (e.g., the most frequent single-phase-
to-ground fault), thus enhancing the disturbance rejection and
the fault ride-through capabilities of the converter. A compari-
son among the proposed and conventional energy-based control
schemes was also performed, analyzing the capacitor voltage
ripple, the IGBT stress, the balancing performance, and the
negative-sequence current injection. Advantages and disadvan-
tages of different approaches to achieve the voltage balancing
were investigated, showing that the presented HB-A approach
was the best option under unbalanced ac voltages. The design of
discrete current controllers based on PR control blocks allowed
a precise control of the ac-side, dc-side, and circulating currents
as well as the elimination of their undesired 2w components
under unbalanced grid conditions. Several tests using the 401-
level MMC of the INELFE project were performed to support
and validate the proposed control strategy under both balanced
and unbalanced grid conditions.
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