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Abstract: This paper presents a dynamic model of modular multilevel converters (MMCs), which
are considered as an effective interface between energy sources and the power grid. By improving
the converter performance, appropriate reactive power compensation is guaranteed. Modulation
indices are calculated based on detailed harmonic evaluations of both dynamic and steady-state
operation modes, which is considered as the main contribution of this paper in comparison with other
methods. As another novelty of this paper, circulating current control is accomplished by embedding
an additional second harmonic component in the modulation process. The proposed control method
leads to an effective reduction in capacitor voltage fluctuation and losses. Finally, converter’s
maximum stable operation range is modified, which provides efficiency enhancements and also
stability assurance. The proficiency and functionality of the proposed controller are demonstrated
through detailed theoretical analysis and simulations with MATLAB/Simulink.

Keywords: circulating current control; modular multilevel converter (MMC); static synchronous
compensator (STATCOM)

1. Introduction

The growing global demand for energy consumption has led to fundamental changes in power
grids. The need for improved reliability and efficiency, as well as reduced transmission and distribution
losses and cost [1], has led to the widespread use of distributed generation (DG) units. In this
regard, increasing utilization of DGs due to the aforementioned benefits, along with the development
of high-voltage direct current (HVDC) transmission systems, has led to major power electronics
advancements in terms of switching technology and converter design [2,3].

Early power conversion technology started with 2-level converters. Additional filter demand in
order to overcome the high total harmonic distortion (THD) reflected in the output voltage plus limited
voltage tolerance of switches have made these structures inefficient for high voltage applications [4].
Producing high voltage in stair-case waveform by means of separate DC sources [5], multilevel
converters provide lower voltage stress, losses, and filter costs effectively [6]. Reference [7] provides a
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comprehensive study of various multilevel structures along with the most recent advances in their
modulation techniques, control methods, and applications.

However, modular converters mainly replaced all other multilevel structures due to their
advantages such as modularity, scalability, and performance compatibility with one common DC
source [8]. Modular multilevel converter (MMC) was first proposed by Marquardt and Lesnicar in 2003
and it has been effectively providing a variety of applications since then [9]. The attractive features of
MMC such as the capability of transformer-less operation, ease of scalability to higher voltage levels,
low expenses and robustness in redundancy strategies and fault tolerant operation, high reliability, and
good quality of the output waveforms have made this topology one of the most beneficial structures in
various medium/high voltage applications [10,11]. In this regard, studying different aspects of MMC
operation such as modelling, modulation, circulating current, and capacitor voltage fluctuation seems
to be noteworthy.

These non-linear power electronics converters improve power quality at consumer’s end, i.e.,
an affordable consistent supply with fixed voltage level and suitable power factor (PF) and thus
necessitate a local reactive power regulation. In this regard, limiting the grid side current flow, voltage
regulation, and efficiency enhancement can be accomplished at the same time [12]. Since early fulfilling
procedures include huge expensive capacitor banks, active compensation methods are becoming more
common in high power applications [13]. As one of the most practical components in a flexible AC
transmission system (FACTS), static synchronous compensator (STATCOM) can efficiently improve the
power quality [14]. STATCOM is not only capable of fast reactive current injection but also performs
voltage compensation with lower loss and lower output harmonics [15].

The conventional structures of STATCOM are usually based on two-level converters and
step-up coupling transformers [16]. The embedded transformer makes the overall system expensive,
bulky, and unreliable [17]. These restrictions necessitate the use of multilevel converters in high
voltage applications. The most popular modular structures employed in STATCOM applications
are flying-capacitor multilevel converters (FCMC), diode-clamped multilevel converters (DCMC),
and cascaded H-bridge multilevel converters (CHMC) [18]. The excessive cost of flying capacitors
in FCMCs, as well as the need for an additional auxiliary voltage balancing algorithm in order to
solve the inherent voltage imbalances in DCMCs, is considered as the major disadvantages of these
two topologies. Furthermore, the complexity of converter topology and controller design also gets
significantly increased in high voltage applications. In this regard, the CHMC configuration seems
more suitable among others, however the structure is unable to operate continuously under unbalanced
situations. Therefore, the necessity of adding a DC voltage supply through multi-winding transformers
in such situations imposes similar imperfections as the line-frequency transformer does [19].

In this regard, various MMC layouts are extensively employed in STATCOM applications [20],
providing a high voltage transformer-less structure with improved efficiency and better fault
tolerance [21]. Several studies have been performed in order to discuss MMC-based STATCOM
schemes from different aspects. Reference [8] proposes a basic control method in which reactive power
demand is supplied based on DC link voltage stabilization using PI controllers. Therefore, detailed
studies on converter dynamics are neglected. Reference [22] studies MMC capability as an efficient
STATCOM interface in HVDC applications. Considering a stable AC power grid, the abc-frame power
flow control is presented while MMC is islanded from the DC grid. The controller guarantees an
appropriate operation of the converter; however, the minimum advantageous DC voltage across
MMC terminals should be evaluated. The theory of a decoupled control method applied to the
active and reactive power of the system is also pursued in [23]. Studying cascaded MMC structure,
output voltages of sub-modules (SMs) are controlled separately since reactive power compensation
is distributed between them. This imposes an extra computation burden on the MMC simulation
scenarios. Circulating currents, DC link voltage, and output AC currents are considered as state
variables of the proposed controller in [24]. Multiple control loops are employed in this method, which
lead to accuracy as well as complexity of the control method. Circulating current and capacitor voltage
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balancing algorithms are also exclusively discussed in [20,25] and [26] respectively. The proposed
methods are mostly designed based on PI controllers and imposed on MMC structures with particular
applications such as delta-configuration. It should be noted that various converter structures based on
different SM configurations have also been employed in MMC-based STATCOM studies in order to
configure the pros and cons [18,27]. Besides all, modelling has an enormous impact while studying
any of the MMC operation aspects. Providing an accurate and at the same time efficient model can be
considered as one of the most important technical challenges [28,29].

This paper presents a control strategy in order to guarantee the stable performance of a three-phase
MMC-based STATCOM. Simplifying converter stability studies and controller design, dq frame dynamic
and steady-state modelling are chosen over conventional abc models in this paper. This accurate
dynamic model provides an efficient computation of modulation indices, which is considered as the
first contribution of this paper. Circulating current control is also accomplished based on second
harmonic expressions of the proposed model as the second contribution. In addition to that, the
maximum range of the converter stable operation is determined as another novelty of this paper. The
specified stable region is then used in power factor correction controller design such that the MMC
would supply all reactive power demand of the load within the feasible power range, and the excess
amount of power remaining from total power capacity of the converter is utilized to provide the active
power demand of the load. The main advantages of this proposed control method are the ability of
simultaneously providing dg-frame modulation, as well as the elimination of circulating current and
the capacitor voltage fluctuations. Moreover, the proposed controller provides an efficient MMC-based
STATCOM operation where all reactive power demands of the load, as well as the most available active
power demands, can be provided considering the maximum stable operation region.

The rest of the paper is organized as follows. Section 2 provides an overall view of the studied
configuration along with the basic assumptions and dynamic equations. Steady-state operation
is investigated in Section 3 where modulation indices are also calculated based on the proposed
model. Section 3.1 includes circulating current control algorithm while the beneficial effects of this
proposed method are clarified through the presented procedure for loss calculation of MMC in
Section 3.2. Furthermore, maximum stable operation range of the converter is established in Section 3.3.
Time-domain simulations of the proposed model are carried out in MATLAB/Simulink environment
and the results are discussed in Section 4. Finally, the overall conclusions are specified in Section 5.

2. General Configuration and Dynamic Analysis of the Proposed Model

The most conventional configuration of a modern three-phase MMC is shown in Figure 1a.
It should be noted that the improvement of grid imbalance studies is not considered as the purpose of
the MMC utilization in this configuration and, therefore, the network structure is assumed as a strong
grid. Herein, MMC is utilized as an efficient STATCOM interface between the energy sources and the
power grid. Thus, it can well improve the overall network performance by mainly providing reactive
power demands of the load. Moreover, considering the MMC superiorities, the proposed MMC-based
STATCOM structure can be used to renovate conventional power networks.

Using voltage and current components at the point of common coupling (PCC) as well as the
converter and grid parameters, the proposed controller is designed based on dq frame dynamic and
steady-state modelling of the MMC-based STATCOM structure. In this regard, MMC is supposed
to provide all reactive power demands of the load within the feasible power range since this power
factor correction behavior of the MMC is considered as the first priority of the proposed controller.
Moreover, the maximum stable operation region is evaluated. Based on that, the MMC can also provide
maximum available active power demands of the load in order to reduce the load stress imposed
on the power grid. Besides, a circulating current controller is also considered in order to improve
converter operation using second harmonic current elimination, which also leads to a reduction in the
capacitor voltage fluctuations as well.
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Figure 1. General schematic of a modular multilevel converter (MMC)-based static synchronous
compensator (STATCOM): (a) Circuit structure; (b) Sub-module (SM) configuration.

As can be seen in Figure 1a, each phase leg is composed of two arms in which N SMs are connected
in series along with one parasitic resistance R, and one arm inductor Ly, The SMs are commonly
based on half-bridge structures, consisting of a DC capacitor and two insulated gate bipolar transistor
(IGBT)/Diode switches as shown in Figure 1b. It should be noted that arm inductors are embedded in
order to limit fault based or inherent harmonic components of each arm-current. Besides, R, stands
for inductor inner resistance and converter losses and thus varies with operational conditions. Also, it
should be noted that the grid model here is considered to be a 10 KV feeder.

According to Figure 1a, arm currents of each phase can be described as:

. ) i
Lyx = Lejrex + EY 1)
. . ix
Ux = Leirex — E (2)

where the circulating current (which is flowing between the DC link and each phase leg) is supposed
to have DC and second harmonic components [30,31], while i, is considered as the sinusoidal current
of phase x at the fundamental frequency.

On the other hand, the instant number of inserted SMs in each arm determines the arm voltage
and thus directly affects the output voltage as well. In other words, each arm voltage is controlled
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through modulation index (n) which is defined as the ratio between sum capacitor voltages (UX) and
desired voltages of each arm (U,). Given that n varies from zero to one, we have:
{ Ueux = nuxuczux (3)
Uy = nlxu?

Ix

The control modulation indices and sum capacitor voltages are considered to include DC,
fundamental, and second harmonic components. This is due to the presence of different harmonic
components in both upper and lower arm currents which inevitably affects the SM capacitor voltages
and thus should be considered in the control modulation indices as well. Therefore, these signals can
be represented in dq0 frame as follows:

Ny = (%) + (_de)cos(wt) + (_qu)sin(wt) + (—"21012 )Cos(Zwt) + (—mq2 )sin(Zwt) 4)
n = (%) + (%)cos(wt) + (%)sin(wt) + (_7121'12 )cos(Zwt) + (_qu )sin(Zwt) )

+ U~

cud

UZ (1) = U?umo + Uczuml cos(wt — 6,) + LI(/,ZW2 cos(2wt — 6,p) = U?uo ’

+ Uz + U + ufuqz (6)

0 — 1 7E s >3 — 7= o) o) o) o)
us(t) = uz,, + Uz, cos(wt = 0;) + Uz, , cos(2wt — 0p) = U5, + U, + qu + U, + Ucll72 (7)

In addition, the dynamic equation describing energy storage capability of SM capacitors in each
arm can be written as:

1C 2

T b
Wcu,l - E ﬁ(ucu,l) (8)

Following that, the energy derivative is equal to the power injected into each arm. Therefore:

AWE du>
d;u,l _ Z\EI(UCZL,J)( d;u,l] — (Ucu,z)(iu,l) (9)

Substituting U, ; = n,,; Uczu ;» Equation (10) can be obtained as:

M
C ducu,l o

NT - nu,liu,l (10)

Then, harmonic components of the upper arm current, modulation index, and sum capacitor
voltage are considered based on Equations (1), (4), and (6) respectively. Thus, for the upper arm,
Equation (10) can be rewritten in dq0 frame as follows:

oy V] o) oy
+ U, jcos wt + Ug, sin wt + U2 o cos 2wt 4 UL

cdfy= , N
N dt(ucu[) C”qzsm 2wt) N (11)
(% + %Wcos wt + #sin wt + 7';”*2 cos 2wt + rng sin Za)t)(iuo + 1,408 Wt + iygSin wt + iygocos 2wt + iygpsin Za)t)

The next step would be applying the dq0 frame derivation term in the left-hand side as well as
multiplying the two expressions in right-hand side of Equation (11). Representing different harmonic
components of the product signal in different matrix rows leads to:

u,id 0 w 0 0 0 uﬁd _dein + %iud - %iud - ”Cquiuq - Vz_diudz - %iwﬂ
UCZW - 0 0 0 0 ufuq _%iuo + %i”‘i + na%i”‘i - mquiud + %imﬁ - %iqu
%% us., | = % 0 0 0 2w 0| U=, [+ g+ Fing = "Rivo + i (12)
U, 0 20 0 0 Uk, g = iy~ iy + Liygp
chuO 0 0 0 0 Uﬁo %iuo - %iud - %iuq - %iudz - %iuoﬂ
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On the other hand, v, is considered as the MMC output voltage at PCC. In this regard, applying
KVL to the circuit structure of the proposed MMC-based STATCOM represented in Figure 1a yields to:
Dde UE [y g 13
7 —NMyxUeyy — arm? — Rarmlux = Ox ( )
According to Equations (4)—(7), dynamic state-space equations of the proposed model are derived
in dq0 frame as:

; ; Mgy 1 _Migm M2 s Magw " s
tud ~Rarm Larm@ 0 tud Yd 0 B R L Rl ul W R ufl“lfTucudsz cuq2
d m, m
a1 . —| _ _ . N _Mg oz 1= Mg yre _ Mg2 10w MggE _Mdgs
Lo 52| iug Lom© — —Ram 0 iug o |+ 0 FUL,+ JUR, + PRUG, - SR US A UE - U (14)
; _ ; % L _MgE Mg _ Mg M2 s
iuo 0 0 Rarm iuo 0 3 Uo7 Ugy~ T Uag - 1 Ugn— 1 Wap

3. Steady-State Operation Analysis and Controller Design

In order to study the stable performance of the converter, dynamic equations of sum capacitor
voltages are evaluated in the proposed model. Rewriting (12) in steady-state, all voltage derivatives are
equated to zero while zero component of sum capacitor voltages (LICZuO
value of DC-link voltage (V). Also, second harmonic components of the currents, as well as the control
modulation indices (1,4, and m), can be neglected due to the embedded circulating current control

algorithm. Therefore, based on the last row of (12), i, can be expressed as:

) is replaced with the reference

Iy = %Zud + %Mq (15)
which then yields to:
~N(m2, -2
U, = N =2) )iuq (16)
4Cw
N(m2 -2)
d .
u(%tq = 4CS(U ud (17)
Nm Nm
¥ . aqs . ds .
ucudz - 3Cw lud = 8C(,Us Lug (18)
Nm
UE . — Nmy, . gs . (19)

a2 = 8Cw M~ 8Cw M

On the other hand, Equation (14) should also be studied under stable operating mode in order to

evaluate the steady-state modulation indices. Concerning this, the instantaneous arm currents are

substituted with their reference values and the derivations are also considered in order to improve
controller dynamics. Consequently:

T L N S (20)
dt — Ceewd o g M)
ig=r, =2 ip=I == io=1I (21)
u ud 2’ q uq 27 0

Finally, applying the abovementioned assumptions to Equation (14) yields to the steady-state
expressions of the proposed model as follows:

N (3m,27S —m3 —8)

B

Lﬂ?‘Wl * * — R{ZHH Lﬂ’ﬂl *
Lo o o] v Rom Lo gy I

avd 64Cw 2 d
L + — _| y N(3m? -mZ-8 "
O % 0 I,wq - Vq -+ — Lazrm w— ( 6dzijq5 ) _ erzrm % Iq (22)
. m,
%me %me 0 v, 0 _ 8113, C W Rarm +2Nmigs _ 8111gs CwRarm—2Nrmgg 0 v,

32Cw 32Cw



Electronics 2019, 8, 1264 7 of 22

Last row of Equation (22) can be rewritten as:

L R L R
mds( arm I* arm N ) q( urml* aArm s N *) (23)

I - I I — I
5}1 4 16Cw 1 4 aog t % 7 16Cw

As can be seen, constant values of A and B leads to a linear relation between modulation indices.
Applying this to the first row of Equation (22), a quadratic equation in terms of m; is obtained as:

(3NA2 - B2)I*
1. 2 Vy o Larm
gaCopr  Mas T Mas=Vat 57k

2 Rarm Ix- _ Lurm 1 Ix- (24)

I*
2 4y Yt gL

vd+

Finally, m4; and mys can be calculated by solving the above equation as follows:

(ONA2-B2)\ o Lo e . Raym e Larms v .
16CwB2V \/‘f_( ocar | (Vart M5 L S L= S ol i )
- I

Mgs = BNAZ-B2)[; © (3NAZ-B2)Iy (25)
L 2 32CwB?
m . lle Iﬂvd m‘m Id ]6C(‘) Iq m
s — Lurm I Rm’m N ds
avg~ ~ 4 q7 T6Cw d

In order to improve the proposed model performance, a circulating current control algorithm will
be described in advance while the maximum available range of power transfer is also determined for
the studied MMC-based STATCOM. The former eliminates the adverse effects of circulating currents on
the model operation while the latter is used to achieve the best active and reactive power compensation
in the MMC-based STATCOM structure.

3.1. Circulating Current Control

Although circulating currents have no effect on output quantities of the interfaced converter,
different elimination algorithms are suggested in this field. These internal currents are originated
from instantaneous voltage differences between each phase and the DC-link. The most prominent
components of this current are DC and second harmonic. The DC part is responsible for the DC
to AC power transfer while the second harmonic component increases arm currents and losses as
well. In order to design an efficient controller based on second harmonic equations of the converter,
KVL should be considered for each phase loop based on Figure 1a. Given that the phase sequence of
transformation to the rotational frame at 0 = 2wt is a-c-b, the aforementioned KVL can be expressed as:

. . m,
L i[ Lud2 ] _ [ —Rarm  2Larmw ][ Lyd2 ]_[ 7 uczud T uCZWi a wuczuo uczudZ
arm dt -

—2Lgymw  —Rarm qUCZud u()fzuq chuO +3 uczuq2

} (26)

iuq2 iqu

Second harmonic current elimination can be accomplished using corresponding second harmonic
components of modulation indices. Therefore, 11, and m,; are directly evaluated based on Equation (26)

as follows:
2 d . . . o ) )
mgp = UT Laorm Eluﬂ + Rarmiydp — ZLarmCU1uq2 1 Ucud ‘|' 2 ucuq + = 5 ucudz] (27)
cu0
2 d, Mg mgq
Mgy = = [Larm dtluqz +Rurm111q2 + 2L wiygy — 4 uz:ud _Tuczuq +5 Uczuqz] (28)
cu0

The abovementioned equations can be utilized in order to design the appropriate controller.
As demonstrated in Figure 2, PI controllers are included in order to eliminate the evaluated second
harmonic components of modulation indices and thus minimize the second harmonic components of
the currents.
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Figure 2. Circulating current control algorithm.

3.2. MMC Loss Evaluations

In this section the procedure for loss calculation of MMC is presented in order to evaluate the
effect of the proposed circulating current control on semiconductor losses. In this regard, first the
proper switch has been selected for this application. Then, converter losses have been calculated for
the proposed MMC structure with and without circulating current control.

Figure 3 shows the block diagram for loss calculation in each IGBT/Diode switch structure. It
should be noted that semiconductor losses can be divided into three parts: conduction losses, switching
losses, and blocking losses. Since blocking losses are normally not considered, it can be concluded that
total semiconductor losses are composed of conduction and switching losses. In this paper, the loss
calculation is based on information extracted from manufacturer datasheet; more details are given
in [32].

Conduction loss calculations for both IGBTs and diodes are achieved through multiplying the
voltage across the semiconductor by the current passing through it as follows:

AP onicr/D = Veonicar/p X is/p(t) (29)

However, switching losses of IGBTs and diodes are calculated through different procedures.
Considering IGBTs, switching losses are divided into turn-on and turn-off losses. These losses can be
achieved based on turn-on and turn-off energy losses during turn-on and turn-off commutation times
respectively. In this regard, first energy losses can be calculated as follows:

Ttton
EonicBT = j; Vee(t) x is(t)dt (30)

T+taff
EofficBT = f; Ve (t) X ig(t)dt 31)

Then, the turn-on and turn-off switching losses can be achieved through dividing turn-on and
turn-off energy losses by simulation time step as follows:



Electronics 2019, 8, 1264 9 of 22

E
APoyiGT = %GBT (32)
S
EoffiGBT
AP,ffiGBT = % (33)
S

On the other hand, reverse recovery loss of diode is also achieved based on the reverse recovery
energy losses during reverse recovery time of diode as follows:

T+trec
Epep = f Vi (f) x ip(£)dt (34)
T
E
AP recD — ;efD (35)
S

Finally, the sum of all these calculated loss quantities gives the total loss amount in each IGBT/Diode
switch. Considering all switches together, this method can be used in order to evaluate the beneficial
effects of circulating current control on MMC loss reductions.

IGBT
| IGBT current is M—» 2D loqkup \
tablj(g_f};om conlGBT X AP,,i681
manufacturer
| Junction temperature Tjg |—> datasheet
Pre-switching value of Vg |—>
| 3D lookup E puicar

tabl — > X|ar,,
| Post-switching value of is |—> able from ‘ARWIQBT

manufacturer

datasheet -
| Junction temperature Ts |—> -

| Post-switching value of Vg |—> 3D lookup Eopenr ;
—»

| Pre-switching value of is |—> table from

manufacturer

datasheet =
| Junction temperature Tjs |—> —

AP,

offIGBT

Pt

<

AP

Post-switching value of 'V |—>
| ] Al 3D lookup E,..,

tabl —(X
| Pre-switching value of ip |—> m;nu;ajz t(;’:er AP,

datasheet T -
| Junction temperature Tjp |—>

APU
| Diode current ip }J—b ZDb llookup . )\ AP
1 X conD conD
a ; fr tom >
manufacturer
| Junction temperature Tp |—> da iashee ‘
Diode

Figure 3. Loss calculation procedure for each insulated gate bipolar transistor (IGBT)/Diode switch.

3.3. Maximum Stable Operation Range

Acting as STATCOM, MMC should provide the maximum available reactive power demand in
order to improve the grid-side power factor. In consequence, the maximum stable power supply range
should be determined based on different converter and energy source parameters.
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Input DC power inserted to MMC would be equal to output AC power if the losses are
neglected. Therefore,

vdcidc = —(Z}did + quq) (36)

On the other hand, applying KVL to Figure 1a results in the following dynamics:
digy

U4 = Ugq + Reigg + Lcd—i ~ weigg (37)

digg
Vg = Ugq + Reigg + Le—— + a)LC (38)

d
Given thatigy = irg — iy and igg = ir; — iy, we can substitute Equations (37) and (38) into (36), which
leads to:

L . 2 L . 2
. Lc (lnvd_lade)_RclLd_Ugd . Le (lavq_laz7Lq)_Rcqu_qu
(ld + I T\l T 2R, -

39)
. . . 2 . . . 2 . (
((Lc(lavd —ligord) — Reipg — vgd) + (Lc(lavq - 1aqu) - Rcqu - qu) + 4Rcvdc1dc)/(4R%)

Equation (39) has been developed based on converter power capacity equations represented in
(36). Therefore, the equation represents current (and thus power) margins of the MMC in a stable
operation mode based on converter and grid parameters. Note that these calculations study converter
power capacity from the fundamental harmonic point of view.

On the other hand, considering the first row of Equation (26) in steady-state operating condition
leads to:

m
3 94 Y
4 ucud - TUCW] UcudZ

which then can be rewritten using Equations (16)—(18) as follows:

0 (40)

my I
m T )
Replacing (23) in (41) gives:
I _ Lo 1 Loy + R,Zm I+ oy (42)
[;; Larm I;z]d + Rarm I — 16I\éw I;
which can also be written as follows:
2 2 2
(I * 2%;2, I;”q) - (I; * Z%an I;”d) N 4LRﬂ£m (g~ o) )

arm

Equation (43) describes a hyperbolic while (39) is the equation of a circle with the centre of

Le(igod — igora) — Reipg — Ued  Le (iavq - im;Lq) = Reirg —vgq
2R, ’ 2R,

and the radius measure of

S . 2 S . 2 . )
((Lc(lavd - lude) - RclLd - vgd) + (LC(lavq - lﬂqu) - RCILq - qu) + 4Rcvdcldc)/(4Rc)

Drawing them together, the current and thus power flow can be estimated in order to guarantee
MMC stability as STATCOM in the proposed model. Therefore, the stable operation range of the
converter is demonstrated as the dashed area in Figure 4. It is clear that the stable operation can be
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obtained for current amounts which are inside the specified criteria since the margins are obtained
based on converter power capacity.

%2
avd

Figure 4. Stable operation region (hatched) for MMCs in STATCOM operating mode.

4. Results and Discussion

The detailed configuration of the MMC-based STATCOM and proposed control method shown in
Figure 5 has been simulated in MATLAB/Simulink. The converter structure, as well as the proposed
control method, have been simulated using various blocks of the Simulink library. The main blocks
used in the simulation of the grid-connected MMC structure and the measurements have been derived
from the following section of the MATLAB/Simulink library:

vy i
+ I J
i [ Lo ]
A" S
e 11 E— ol irclirs i
Gate Y Signals Tabertg ! . ot vl tbyta
vdT .| Maximum irg !
pwm L, stable «—o
< . T &
\ 7| region abc/dgE® ]
Myx Ny q < )
Eq.25 [« Ram
OS n Sl <_Larm
<—
— a)r
, «— N
1 e |
& g < C e Load 1
Ny n &mds &m ds
Mys m' L
Mjabe—~ ’ ——— Load 2
Eq.4 Wea)(ﬂ ]
M 1abe
& Moabe [ . .
Eq.5 Circulating current control
m ’2abc ~

Figure 5. General configuration of the proposed MMC-based STATCOM controller.
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“Simscape/ Power Systems/ Specialized Technology/ Fundamental Blocks”.
Besides, the values of different circuit components and operational conditions applied to
simulations are listed in Table 1.

Table 1. MMC parameters and operational conditions applied to simulations.

Items Values
AC system voltage Ve (L-L,rms) 10KV
AC system inductance L 0.5 mH
AC system resistance R 1mQ
DC bus voltage V, 20 KV
number of SMs per arm N 20
SM capacitance C 10,000 uF
arm inductance Lyrm 40 mH
arm equivalent resistance Rarm 150
SM capacitor voltage Vesm 1KV
carrier frequency fgw 5KHz
simulation time step Ts 833x107°s
Load1 active power Ppef; 0.5 MW
Loadl reactive power Qyefq 4 MVar
Load?2 active power Py 3.5 MW
Load2 reactive power Qyefp 0.8 MVar

In this paper, the MMC has been considered as a STATCOM interface between DC-link and the
grid. Considering the maximum stable operation range of the converter, MMC is supposed to provide
all reactive power demands as well as maximum available active power demands of the load within the
feasible power range. Therefore, MMC will be able to efficiently provide the power factor correction
behavior of a STATCOM interface. Moreover, a circulating current control algorithm is also considered
in the proposed control method. The proposed controller is expected to improve MMC performance
by eliminating the second harmonic components of currents, which also leads to a reduction in the
capacitor voltage fluctuations.

In order to validate the efficient performance of the proposed control and switching method,
four different simulation time intervals have been discussed separately. At the first time interval of
simulation, the MMC has been disconnected, leaving load demands to the network. As can be seen
in Figure 6a—c, the load current is initially provided by the grid, while the disconnected converter
structure delivers maximum voltage during this no-load period (demonstrated in Figure 6d). At the
second time interval, the energy source is connected to the grid through PCC at 0.2 s. Figure 6¢ shows
that the grid current reaches to the minimum value as the load current is supplied by energy source
through the efficient MMC connection (see Figure 6a,b respectively). This feature has a noticeable
impact on voltage stress reduction of the grid, especially in peak demand times, since MMC can help
the grid in providing load demands.

During the third time interval, active and reactive power demands of the load are increased due to
the addition of the second load at 0.4 s. As can be seen in Figure 6, MMC supplies maximum available
load based on the stability margin and the rest is accomplished by the grid. The most important studied
capability of the proposed model at this time period is the priority of reactive power compensation,
which will be discussed further in detail.

It should be noted that the proposed controller can provide stable operation during all these
dynamic changes. Thus, the output voltages and currents are stable as shown in Figure 6d,e respectively.
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Figure 6. Simulated waveforms of the MMC-based STATCOM structure: (a) Phase-a waveform of load
rrrrrr t; (b) Phase-a waveform of converter output current; (c) Phase-a waveform of grid current; (d)
Output voltages of MMC; and (e) Output currents of MMC.

In order to verify MMC capabilities as STATCOM, reactive power compensation can be accurately
discussed based on a more detailed analysis of current components. As demonstrated in Figure 5,



Electronics 2019, 8, 1264 14 of 22

the maximum available power capacity of MMC based on converter and grid parameters have been
considered in the simulation process as follows:

Considering the maximum available power capacity of the converter, the MMC supplies all
reactive power demand of the load within the feasible power range. This power factor correction
behavior of the converter is considered as a priority in the proposed control method of this MMC-based
STATCOM structure. Therefore, with the assumption of converter power capacity being way more
than load reactive power demand, it is considered that I; = ij; (which means that load reactive power
demand is completely supplied by the MMC-based STATCOM structure). On the other hand, the
excess amount of power remaining from total power capacity of the converter is utilized to provide
the active power demand of the load. This way the grid provides less active power for the load and
the load stress imposed on power grid can be reduced. In this regard, active power reference of the
converter is modified based on maximum stable operation range of the converter. The desired range
is specified by (39) and (43) in which the converter and the grid parameters, as well as the reactive
current components, have been modified.

Figure 7 illustrates reactive current components of the simulated system in dq0 frame. As
mentioned before, load reactive power demands (even after load increment at 0.4 s) are considered to
be less than the converter’s maximum power transfer capability. At the same time, providing reactive
power demands of the load is considered as the first priority of the proposed MMC-based STATCOM
model. Therefore, it can be seen that after MMC connection at 0.2 s all reactive current demands of
the load are compensated through the energy source (see Figure 7a,b respectively). This yields to an
almost zero reactive current flow in the grid side after the MMC connection, which is clearly shown in
Figure 7.

-300 T T T T T .
<
=, -400
A
_500 i i i i Il L
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s]
(a)
0
< 200
._‘O"
-400
0.1
200
< 0
5200
-400 . . ; ; . -
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s]
(c)

Figure 7. Reactive current components of the STATCOM model: (a) q component of load current; (b) q
component of MMC current; and (c) q component of grid current.
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On the other hand, active current components of the simulated system in dq0 frame are
demonstrated in Figure 8. As it can be seen, grid current supplies active power demands of the load
before 0.2 s as the energy source is not connected yet. During the time interval of 0.2 < t < 0.4 s the
energy source provides maximum established active power, keeping the grid current at the lowest level.
As the load demands are increased after 0.4 s, converter current waveform remains almost constant,
which can be seen in Figure 8a,b respectively. This is due to the active power margin specification of
the MMC, which depends on the maximum available power left after providing all load reactive power
demands. Therefore, the grid current increment after 0.4 s is justifiable due to the abovementioned
explanations and it is less worrying since the grid power factor is not decayed.

300 - 4 + i -
200 T
.- 10() - s N N -

O i i i i i i
0.1 0.2 0.3 0.4 0.5 0.6 0.7

~

<

~
o
—

300
200
100

i(A)

-100

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time [s]

(c)

Figure 8. Active current components of the STATCOM model: (a) d component of load current; (b) d
component of MMC current; and (c¢) d component of grid current.

The power factor correction capability of the proposed model can be seen in Figure 9. An
obvious phase difference between the grid voltages and currents can be detected before 0.2 s when
the MMC-based STATCOM structure is not connected yet and the load active and reactive power
demands are completely provided by the grid. During the time interval of 0.2 < t < 0.4 s, MMC
provides all active and reactive power demands of the load as it can be completely covered within the
converter stable operation range. Consequently, the grid current is kept at its lowest amount during
this time interval. Following that, with an increase in load active and reactive power demands after
0.4 s, the MMC provides all reactive as well as the most available active power demands of the load
within the stable operation range. Therefore, providing the rest of load active power demands will
be the only responsibility of the grid at this time. It is obvious that the reactive power compensating
method is working properly since the phase differences between the grid voltages and currents are
reduced effectively.
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Figure 9. Grid voltage and current of phase-a before and after reactive power compensation.

As another contribution of this paper, circulating current control was applied during the 4th
interval of the simulation time. As can be seen in Figure 10a, applying the proposed circulating current
control after 0.6 sec can lead to a 90% reduction in the second harmonic component of arm current.
This is while most recent studies of the same field have been unable to provide such mitigations
in harmonic components of arm currents. For example, reference [33] proposes a unified on-line
calculation scheme by using the instantaneous information of MMC in order to achieve different
circulating current injection targets under different conditions. In this regard, four circulating current
control targets have been considered. The comparisons between the obtained circulating current
waves and the uncontrolled one show that the largest decrease in the circulating current value can be
achieved under the first scenario and with the amount of 50%. As another example, reference [34]
employs a feedback linearization-based current control strategy in order to regulate the output and
inner differential currents of the MMC. Furthermore, the conventional cascaded controller is also
considered where the differential current is only regulated by PI controller. A comparison of the
obtained results shows that the harmonics in the differential current are reduced from 25% to 3.22%
with the aid of the feedback linearization method. This is while the proposed circulating current
control in this paper leads to a final 0.5% circulating current remaining in the total arm current, and
therefore, shows an effective improvement in circulating current mitigation over the previous methods
represented in various recent studies. It should also be noted that the additional second harmonic
component of modulation indices generated by the controller can improve arm current adjustments
as well as reduce the capacitor voltage fluctuations. The abovementioned results are demonstrated
in Figure 10b,c respectively. It should be noted that circulating currents are considered as interior
quantities. Therefore, the applied control algorithm has no direct effect on converter outer dynamic
performances which is clearly reflected in Figure 6b,d,e.

In order to evaluate the beneficial effects of the proposed circulating current control on MMC loss
reductions, several studies have been accomplished. In this regard, MMC loss calculations have been
performed considering a fixed load active power demand of 0.5 MW as well as various load reactive
power demands. Figure 11 demonstrates the MMC losses, with and without circulating current control
for five different values of reactive power. As it can be observed from the figure, the losses are decreased
by more than 10% (and up to 16% in the first two reactive power amounts) due to mitigation of
circulating current. This is while most recent studies in this field are suggesting less than 10% reductions
in converter losses, using various second harmonic current control approaches [35,36]. Therefore,
MMC loss evaluations provided in Figure 11 confirm that the proposed method can effectively improve
converter operation in power loss terms, as well.
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Figure 10. Simulated waveforms of the MMC using circulating current control: (a) Second harmonic
component of the circulating current; (b) Upper arm current of phase-a; and (c¢) Upper arm SM capacitor
voltages of phase-a.
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Figure 11. MMC losses with and without circulating current control.
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5. Conclusions

This paper presented a dynamic model of MMC in STATCOM operating mode. Detailed harmonic
evaluations were performed in dq0 frame in order to provide an efficient control method. Based on
steady-state equations, modulation indices have been obtained so that the stable connection between
the energy source and the power grid was securely established. Circulating current control was
provided through second harmonic component additions to the overall modulation process. As a
novelty of this paper, the abovementioned method helped improve capacitor voltage regulations, as
well as arm current harmonic characteristics and losses. Also, the maximum stability margin of the
converter was developed based on dynamic studies, which is considered as another contribution of
this paper. Reactive power compensation is considered as a priority in the proposed MMC-based
STATCOM performance. Thus, controller design was focused on the maximum reactive power supply,
leaving an upper limit for the active power coverage ability of the converter based on the modified
maximum stable operation range. It has been shown that MMC can efficiently provide reactive power
demands of the load, resulting in grid power factor correction. It should be noted that since the
improvement of the grid imbalance studies is not considered as the purpose of MMC utilization
in this configuration, the proposed control method becomes vulnerable if grid voltage imbalance
situations occur. The main reason of this, which can be addressed in future work, is that the appeared
negative sequence components in grid imbalance studies are not considered in the proposed control
method. Despite this limitation, advantageous MMC superiorities lead to various applications where
the proposed MMC-based STATCOM structure can be used to renovate conventional power networks.
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Nomenclature

Indices

X a,b,c

u,l upper and lower arm

Variables

Ty dly upper and lower arm currents in abc frame

Teirex circulating current in abc frame

iy converter output current in abc frame

iy load current in abc frame

Ueye, Uy upper and lower arm desired voltages in abc frame

Nyx, Ny upper and lower arm modulation indices in abc frame

uz,, UCZIX upper and lower arm sum capacitor voltages in abc frame

My fundamental frequency component of modulation indices in abc frame

Moy second harmonic component of modulation indices in dq0 frame

mg,my fundamental frequency component of modulation indices in dq0 frame

Mg, Mg second harmonic component of modulation indices in dq0 frame

UCEMmO,UﬁmO DC components of upper and lower arm sum capacitor voltages in abc frame

s UE fundamental frequency components of upper and lower arm sum capacitor voltages in abc
cuml’ " clml frame

Uczumz,UEmz second harmonic components of upper and lower arm sum capacitor voltages in abc frame

w angular frequency

wo reference angular frequency

t time

0,01 phase angle of the fundamental frequency components of upper and lower arm sum

capacitor voltages in abc frame
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Variables
6.2,01

) )
ucuO’UCZO

Uzdgjq
cld’” clg

UczudZ’ uczuqz

u?idZ’ uc21q2

WZ

cu,l
in
iud, iuq
Tudo, Z'uq2
Ydc
vy
idc
Ux
ng
Ud,Vq
Ugd/Uqg
ia/ig
Igdrdgg
Z.Ld/iLq
iavd/iavq
iude/iaqu
Mgs,Mgs
M2, Mg2s
r L

avud’ ~avuq

Vi, Vi
AP

AP ouiGBT/D
Veon IGBT/D
is/D

APigpr
APgsyicBr
APouiGBT
APy r1GBT
EonlGBT
EoffiT

tOﬂ

foff

Ve

Vb

Tis/p

Ts

APp

APr:ch

ErecD

tV@C

phase angle of the second harmonic frequency components of upper and lower arm sum
capacitor voltages in abc frame

zero component of upper and lower arm sum capacitor voltages in dq0 frame
fundamental frequency components of upper arm sum capacitor voltage in dq0 frame
fundamental frequency components of lower arm sum capacitor voltage in dq0 frame
second harmonic frequency components of upper arm sum capacitor voltage in dq0 frame
second harmonic frequency components of lower arm sum capacitor voltage in dq0 frame
total energy stored in SM capacitors of each upper and lower arm

zero component of upper arm current in dq0 frame

fundamental frequency components of upper arm current in dq0 frame

second harmonic components of upper arm current in dq0 frame

DC-link voltage

reference value of DC-link voltage

DC-link current

MMC output voltage at PCC in abc frame

phase voltage of the grid in abc frame

fundamental frequency components of MMC output voltage at PCC in dq0 frame
fundamental frequency components of grid voltage at PCC in dq0 frame
fundamental frequency components of MMC output current in dq0 frame
fundamental frequency components of grid current in dq0 frame

fundamental frequency components of load current in dq0 frame

fundamental frequency components of average MMC output current in dq0 frame
fundamental frequency components of average load current in dq0 frame
steady-state fundamental frequency components of modulation indices in dq0 frame
steady-state second harmonic frequency components of modulation indices in dq0 frame
reference values of average upper arm currents in dq0 frame

reference values of average MMC output currents in dq0 frame

reference values of instantaneous upper arm currents in dq0 frame

reference values of MMC output currents in dq0 frame

reference value of upper arm zero component current in dq0 frame

reference value of MMC output voltages in dq0 frame

total losses in each IGBT/diode switch

conduction loss for IGBT/diode

voltage across IGBT/diode during conduction

current passing through IGBT/diode during conduction

total losses of IGBT

switching losses in IGBTs

turn-on switching losses of IGBTs

turn-off switching losses of IGBTs

turn-on energy losses of IGBTs

turn-off energy losses of IGBTs

turn-on commutation time

turn-off commutation time

voltage across IGBT

voltage across diode

junction temperature in IGBT and diode

simulation time step

total diode losses

reverse recovery loss of diode

reverse recovery energy loss of diode

reverse recovery time of diode
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Parameters

C SM capacitance

N total number of SMs per arm
Rarm arm equivalent resistance

Larm arm inductance

Re ac system resistance

Lc ac system inductance
Abbreviation

MMC modular multilevel converter
STATCOM static synchronous compensator
DG distributed generation

HVDC high voltage direct current
THD total harmonic distortion

PF power factor

FACTS flexible AC transmission system
PI proportional integral

SM sub-modules

PCC point of common coupling

KVL Kirchhoff’s voltage law

IGBT insulated gate bipolar transistor
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