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Abstract: This paper presents a control method for modular multilevel converters (MMCs) as an interface between
renewable energy sources and the grid. With growing penetration of renewable energy sources in the power grid, the
developments in converter technologies and controller designs become more prominent. In this regard, dynamic and
steady state analysis of the proposed model for an MMC use in a renewable energy based power system are provided
through dc, Ist, and 2nd harmonic models of the converter in dq reference frame. This detailed configuration is then
used to accomplish converter modulation and controller design. The first novel contribution of this control method is to
provide an accurate pulse width modulation (PWM) strategy based on network and converter parameters, in order to
achieve a stable operation for the interfaced MMC during connection of renewable energy sources into the power grid.
In addition, the proposed method is able to mitigate the converter circulating current by inserting a second harmonic
reference in the modulation process of the MMC, which is the second contribution this paper provides over other
control techniques. A capacitor voltage balancing algorithm is also included in this control method to adjust each
sub-module (SM) voltage within an acceptable range. Finally, converter's maximum stable operation range is
determined based on the dynamic equations of the proposed model. The functionality of the proposed control method is

demonstrated by detailed mathematical analysis and comprehensive simulations with MATLAB/Simulink.

Keywords: Capacitor voltage balancing; circulating current control; modular multilevel converter (MMC); power

system dynamics; renewable energy sources.

1. Introduction

The recent energy plan is mainly focused on substitution of current energy sources with cheaper,
cleaner, and renewable ones. Common environmental concerns based on the rapid utilization of
high-priced exhaustible sources have led to major alterations in power system design [1]. For
several decades, it has been typical to design the structure of power distribution systems radially in
order to improve the simplicity of the control system [2]. However, today with rising volatility and
unpredictability of the network behavior, creative devices are required to handle such situations
successfully. The necessity of designing power networks with maximum power transfer ability and
minimum costs leads to the application of power electronics in power system [3]. Development of
distributed generation (DG), high voltage direct current transmission systems (HVDC), flexible ac
transmission systems (FACTS) and variable-speed drives (VSD) are the main motivation of

essential advancements in different power electronic categories such as converter design and
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switching technology for more than last twenty years [4]. The incessant progress of high voltage
and high power switching devices has a great effect on power electronic technology used in power
networks [5]. Besides, improved efficiency as well as lower losses and costs make dc collection and
transmission systems more beneficial than ac ones [6]. Therefore, power electronic converters are
strongly required in this field.

As the most primitive type of converters, output voltage of a 2-level converter has high total
harmonic distortion (THD) which necessitates additional massive and expensive ac filters. Also,
large number of series-connected switches is required in order to face the high amount of voltage
stress [7]. On the contrary, multilevel converters create a stair case voltage waveform consuming
capacitors, inductors, or other kinds of separate dc voltage or current sources [5]. This makes
multilevel converters widely accepted for industrial applications and high power systems [8] due to
reduced voltage stress (dv/dt), lower switching losses and small common-mode voltages, the
simplicity of redundancy, and lower filter expenses. Among different multilevel converter
topologies proposed for grid connection of renewable energy sources, hybrid multilevel converter
structures including series connected three-level neutral point clamped (NPC) converter and H-
bridge (HB) modules, the five-level active neutral point converter (ANPC), and series connected
five-level ANPC and HB are more common (specially in wind power systems)[9]. As the voltage
and power ranges of practical switching devices are limited due to semiconductor technology, series
connection of switches is required in case of high voltage and high power operation [10]. This way,
the non-modular configuration imposes extra costs and control complexity on the whole system
design [5] which limits the voltage level increment of multilevel converters in industrial
applications.

To resolve such shortcomings, Marquardt and Lesnicar proposed modular multilevel converter
(MMC) in 2003 [11]. Since then, a variety of MMC applications such as HVDC [12], [13] and ac
motor drives [14] have been introduced in many papers. Besides this, the converter structure itself
can be studied from different aspects. There are several modulation methods some of which are
more complex including many details [15], while the others are easier to follow. Space vector [16],
nearest level [17], pulse width modulation (PWM) [18], and open loop modulation [19] are such
noted examples among them. Comparison of the effects of these methods on various outcomes [20],
especially losses [21] could lead to the best choice proportionate to the objective function. In
addition, capacitor voltage balancing [22] and circulating current control [23] are two essential
control algorithms that should be included in order to achieve stable operation. However, there are
other important control objectives such as ac or dc voltage links [24], [25] and converter energy

storage capability [26].



Prior to all of the above mentioned features, modeling has a huge impact on any other investigated
aspect. Reference [27] represents a single-phase dynamic model of MMC in which sum capacitor
voltage of modules in each arm is considered instead of the single module voltages to reduce the
complexity of the overall system model.

In order to have more accurate results, a frequency domain approach could be used to compute
inner MMC variables [28]. In this method, first, the circuit topology can be divided into dc and ac
parts by decoupling the circuit equations through a linear transformation. Then, using iterated
convolution, the variables of series-connected modules are calculated in the frequency domain. On
the other hand, the simulation of MMC transients especially in integration with large networks
becomes complicated as the detailed modeling of converter imposes a massive computational
burden on electromagnetic transient-type (EMT-type) programs. In order to find the most efficient
and accurate representation of MMC in such cases, different types of models should be developed
and compared [29], [30].

This paper presents an analytical dynamic MMC model which is convenient for small signal MMC
stability studies and controller design. The studied converter is considered as an interface between a
stable dc-link fed from a renewable energy source and distribution power grid. The modeling
procedure has been accomplished in dq frame, which is chosen to discuss dynamic state-space
equations as it has the advantage of unified control of three-phase over averaging abc models. Thus,
generating modulation indices relevant to external demands, as well as internal converter
parameters, leads to an accurate control method, being one of the novel contributions this paper
provides. A circulating current control algorithm is also designed based on second harmonic
equations of the proposed model. Connecting renewable energy sources into the power grid, the
detailed dq frame based configuration of the model modulation and control guarantees the stable
operation of MMC switches in the determined maximum stable operation range.

The rest of this paper is organized as follows. Section II includes a brief overview of the topology
followed by dynamic operation analysis of the proposed model. Section III provides the steady state
behavior of MMC connected to a balanced network. Modulation indices also have been calculated
using these equations. Circulating current control is investigated in section III-A while capacitor
voltage balancing algorithm and converter's stable operation range are discussed in section III-B
and section III-C, respectively. The results of this study in section IV are carried out based on time-
domain simulations in the MATLAB/Simulink environment, and then followed by some final

conclusions in Section V.



2. General System Overview and Dynamic Operation Analysis of the Proposed

Model

The electricity produced by renewable energy sources can be transmitted in different forms.
Meanwhile, dc transmission systems are more advantageous than ac ones, especially in long
distance transmissions where the high expenses for power electronic converters become more cost
effective. Increased penetration of such systems due to lower dependence on fossil fuels as well as
considerable use of renewable energy sources can lead to the greater importance of fault
management and the development of multi-terminal networks. This way, the superior features of
MMC will increase the importance of the structure development and controller design.

The general structure of a three phase MMC dc/ac converter under grid-connected operating mode
is shown in Fig. 1(a). Each leg is composed of upper and lower arms which consist of N series-
connected sub-modules (SM). The most common structure of SMs, as illustrated in Fig. 1(b), are
half-bridges wherein IGBT switches are used along with dc capacitors.Besides that, the fault
currents as well as harmonic components of arm-currents are limited by two arm inductors,
represented by inductance Larm. Parasitic resistances (Rarm) vary based on the operational conditions
as they indicate inductor resistances and converter losses.

Desired output voltage can be achieved by varying the upper and lower arm voltages which depend

on the number of inserted SMs in each arm. Inserted voltages of each upper and lower arm (denoted
by u and / respectively) can be defined as U, Znuchzux and U, :”leczlx ,x =a,b,c where
(myy , ny, ) are control modulation indices and (Uczux , Uczlx) represent sum capacitor voltages of
each arm. In addition to that, according to Fig. 1(a), the corresponding arm currents 7, and i,

can be expressed as:

i

. o X
fux T Leirex +7 (1)
. . lx
‘Ix Tleirex Ty ()
where, i,. is the fundamental sine wave current of phase x and I, is the circulating current of

leg x (which is flowing through dc link and upper and lower arms of each leg). Circulating current
consists of dc and second harmonic components and can be given as:
i

__ux ti (3)

icircx P
Following that, applying KVL to both upper and lower arms of the MMC structure represented in
Fig. 1(a) leads to:
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Fig.1.General structure of MMC in grid-connected operating mode, (a) Circuit diagram, (b) SM configuration.

> Vde diux .

My Ucux T “Vx _Larm dt “Ram tux (4)
> Vde dilx .

o Uclx T Wy _Larm dt _Rarmllx (5)

where, v represents the output voltage of phase x.

As the first step of designing a control method in order to produce an appropriate modulation index,

we need to estimate the harmonic components of the modulation indices. In this regard, sum

capacitor voltages of each arm (Uczux , Uczlx ) in equations (4) and (5) can be estimated by v . .
Besides that, v, (as the sinusoidal output voltage of the converter) can be written as a sinusoidal
coefficient of v ;. . Also, the remaining parts in equations (4) and (5) including upper and lower arm
currents, add extra second harmonic coefficients of v ;. to the abovementioned descriptions (based

on the expressions provided in equations (1) and (2), arm currents consist of dc, fundamental, and

second harmonic components). Therefore, equations (4) and (5) can be rewritten as follows:
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Therefore, modulation indices (n,, , nj; ) are considered having dc, fundamental, and second

harmonic components. Accordingly, modulation indices can be expressed as:

l_mlx cos (cot—@ml)—mzx cos (2wt—0m2)

" - . (8)
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Note that modulation indices n,, and n; are calculated according to the ratio between the sum

capacitor voltage and the desired voltage of each arm and thus vary from 0 to 1.

Applying abc to dq0 transform, (8) and (9) can be calculated as:

", —(;_}[_";d ]cos (cot)+[_n;q ]sin (wt)+[_m2d2]cos (2wt)+[_m2q2]sin (201) (10)
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where subscripts d and g represent the two fundamental frequency rotating components at w=2xf,

m

Jsin (a)t)+[_m2d2 ]cos (260[)4—[_ 2q2 Jsin (Za)t) (11)

while subscripts d2,q2 represent the second harmonic rotating components at 2w, and subscript 0
represents zero sequence component [31].

On the other hand, due to the presence of different harmonic components in both upper and lower
arm currents, SM capacitor voltages will sure be affected. This way the sum capacitor voltages

include dc, fundamental, and second harmonic components as well. Therefore:

z z z z _rrz z z z z

UZ () =U%0 +U s €05 (at -6, )+Ucum2 cos (2at —euz) =Uzn0 *Uzid *Utng *Utna2 +Usg2 (12)
) z z )X X % h) ) %

Uei (t) =Ucim0 +Yeim1 cos (a)t —9 )+Uclm2 cos (Za)t _912) =Ucio*Yela JrUclq U2 JrUcqu (13)

As the aim is to present a standard MMC average model, studying dynamic equations of the
converter becomes useful. The stored energy in SM capacitors of each arm can be expressed as

follows:

(teu s ) (14)

M=

z
Wcu,l =

C

N | —
I

c
Where, u, represents each SM capacitor voltage. Besides, the embedded capacitor in each SM is

)
cu,l

considered large enough so that the voltage deviations from the mean value can be neglected.

Therefore (14) can be rewritten as:
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On the other hand, the instantaneous power injected to each arm equals the energy derivative at any

time instant. Therefore:

z
dw dUz
cu,l _C (.3 cu,l | _
dt _F(Ucu,l) dt (Ucu l)(u l) (16)
Substituting U cul =My, lU N following dynamics of the sum capacitor voltages are obtained as:
c dUu Czux i
N dt ux ux (17)
c dUclx -

N dt =Ny
Considering harmonic components of sum capacitor voltage, modulation index, and arm current,

the abovementioned equation can be rewritten in dq0 frame as follows:

C d
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Multiplying the two expressions in right hand side of the equation (19), different harmonic
components of the product signal can be represented in different matrix rows. Meanwhile, the

multiplication and harmonic separation process is clearly expressed in the appendix. Therefore:
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On the other hand, applying KVL to Fig. 1(a) leads to:

di v di
x : __dc z ux :
L dt Ry HY g o M Ylux ~Larm dr Ry tux 21)
Since i =i,, —ij ,previous equation can be rewritten as:
di di v
ux Ix _ : : dc z
(Lo +Lgpy) dr L dr (R + Ry Vi + Ry =Y ax T 5, M Y cux (22)

Finally, according to (10)-(13) and appendix notes, the MMC dynamic state-space equation could

be derived in dq frame as:
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3. Steady-State Operation Analysis of the Proposed Model

In order to calculate modulation indices in steady-state operation mode of the converter, all
quantities should be replaced with their reference values in stable mode. In this regard, all
derivative values in (20) are equated to zero as well as second harmonic components of currents.

Also, mj+ and m - could be neglected based on designed controllers.

q
Zero component of sum capacitor voltages (U czuo) is equal to dc-link voltage reference (V).

Accordingly, from the last row of matrix (20), (24) can be expressed as:

LT Mas .
o = ) wd t ) Yug (24)

In the same way, other quantities can be calculated as:
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On the other hand, the instantaneous variations in reference values of arm currents should be
considered in control algorithm to obtain the best performance during changes from transient to

steady-state operating modes of the interfaced converter. Consequently:

diyg _* Iyg Yug _x Tag dify Tyvg Vg _ * Lavq
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Substituting instantaneous currents with their reference values gives:
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Therefore, by substituting (24)-(30) in (23), steady-state equations of the proposed model can be

expressed as:
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Last row of (31) leads to:
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m 1 + I, - I |=m |—"1 -— ——-] 32
A

It is obvious that 4 and B are constant values, so there would be a linear relation between mge and

Mgs - Thus, first row of (31) can lead to a quadratic equation in terms ofm  as:
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By solving the quadratic equation above, 7 and m;ls can be calculated as:
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Then, substituting them in (32), m gs and m;] ¢ can be calculated.



Besides that, controlling some other features such as circulating current and capacitor voltage are of
importance in MMC operation.
A. Circulating current control

The circulating currents, caused by the internal voltage differences between each phase and the dc-
link, consist of a dc and a second harmonic component. The dc term is in charge of dc to ac power
transfer while the ac term does not affect the ac-side output voltages and currents.

However, it increases the rms values of currents in each arm resulting in higher power losses and
thus, should be eliminated. Assuming 6 =2ax , the phase sequence used in the transformation to the
rotational reference frame is a-c-b. Applying the transformation, the KVL in converter phase loops

becomes as follows:

m m m 1
d ;72 9,z d2 ;2 2
. ~ _dyr y 4yr _Tdiyr o,y
d lindo ={ ~R 2Larmw} fwa2 | 4 cud 4 - cuq 5 cud ™ 5 cud 2 (35)
arm i j
dt luqz _ZLanw —Rarm luqz quZ mdUZ quUz ]UZ
T4 “cud T4 Tcug T 5 cu0+5 cuq?

In order to achieve a stable operation of MMC, second harmonic currents are desired to be zero. In

such case, second harmonic components of modulation indices can be evaluated and then disposed

to zero.
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cuO L

B. Capacitor voltage balancing algorithm

The most popular capacitor voltage-balancing method applied to MMCs, is based on a sorting
algorithm, in which, the voltages of SM capacitors in each arm are measured and sorted during
every control period. Then, based on the direction of arm current, the required number of SMs
having the lowest (or highest) voltage values will be switched on. The only weakness is that the
accomplishment of the sorting algorithm during every control period leads to unnecessary switching
transitions within SMs. Since the algorithm is applied to all sorted SMs, regardless of their previous
states, switching may occur even at a constant number of inserted SMs.

To improve this high switching frequency, a new voltage-balancing method based on a reduced
switching frequency (RSF) has been modified [32]. In this method, AN (which is the number of
SMs that should be added in the next control period) is expressed as N 0y, =N ;; (Where N ;; 1s

the current number of switches in on state and N ,,,,, is the newly expected number), as shown in

Fig. 2.
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Fig. 2.RSF capacitor voltage balancing algorithm applied to each arm.

According to the direction of arm currents (z’ am “lux OF Iy ), switching transitions of each arm

will be performed as follows:

e If AN is positive and additional SMs are needed to be switched on, the selection process

will only take place between SMs in the off-state. This way, charging current (z'a,m >0)

leads to the selection of SMs with lowest voltage values while (z'a,m < 0) turns on SMs with

highest capacitor voltages.

e If AN is negative and the number of the on-state SMs needs to be reduced, the selection

process will only take place between SMs in the on-state and no more SMs will be switched

on. Therefore, charging current (z'a,m > 0) leads to the selection of SMs with highest voltage

v
Gate signals

values while (z’ arm < 0) turns off SMs with lowest capacitor voltages.

It should be noted that in comparison with the conventional algorithms, RSF voltage balancing
method can considerably reduce the overall switching losses by lowering the average switching

frequency. The general schematic diagram and principle of the proposed control method is shown in

Fig. 3.
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Fig. 3. General schematic diagram of the proposed control method for control of MMCs in grid-connected mode.

C. Maximum stable operation range
The converter can deliver a certain amount of power which depends on different structural
components and therefore, the margin should be eliminated in order to guarantee the stability of

operation. Neglecting losses, power transfer from dc to ac can be expressed as:
Vdc’dcz_(vdld +Vqlq) (38)

Applying KVL to the output of MMC shown in Fig. 1(a) results in equations describing converter

voltages which then, can be transferred to dq frame as:

di

_ , d ,

Vg =Veq T Reig +L07—60Lclq (39)
, diy ; 40
Vq Zng+Rclq+L07+a)Lcld ( )
Therefore, replacing (39) and (40) in (38) leads to:
di di

— . .2 . d .. . .2 . q ..

Y delde ——[vgdzd +R.ig+L,ig W_wl‘clqld +V gqlq TReIg +L01q?+wLCldqu (41)

Replacing time derivatives of currents with average values and then dividing both sides of (41) by

R leads to:
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Then the terms [MJ and [MJ are added to the both sides of the equation.

2Rc 2Rc

Therefore:

L L 2 L L 2 ) I 2
.2 clavd "Vgd |. ctavd TV gd 2 clavg VVgq |. ctavg YV gq Vdelde clavd TV gd
i+ ig+ g + iy + =- + 43

R, 2R, R, 2R, R, 2R, (43)

. 2

.\ Lc’avq +ng
2R,

Finally, converter’s current curve can be obtained as (44):

. 2 . 2
L.i +v L.i +v 2 2
. c'avd " gd . cavg ' gq | _ . . . 2
[Zd +—2R ] +[1q +—2R = (Lclavd +vgd) +(Lclavq +vgq) —4RV jolge / 4R, (44)
c c

Considering P =%v odid and 0 =%v qdiq active and reactive power curve of MMC can be obtained

as:

2 Y 2
¥ L0 g+ ¥ L1
' gdctavd T gd +[Q+ gdc'avg

2 2
~ . 2 : 2 . 2
4 c

On the other hand, considering first row of (35) as in steady-state operation mode, following

equation can be achieved.

g,z Megz 1oz
TUcud _TUcuq _EUcud2 =0 (46)

Then, using (25)-(28), it can be rewritten as follows:
2 * 2 % % *
—des(mqs—2) Iq qus (mds 2)1 qus [i Nm g Iq

— + + —=0 47)
16Cw 2 16C o 2 16Co 2 16Cow 2

Applying simplifications to the above equation leads to:

* E3
I
Nmgo s« Nmgs s +qus Tq  Nmgs ‘g

+ I S S 48
16Co 1 16Co 4 16Cow 2 16Cow 2 ( )
Therefore,
% *
3Nmg I, +3Nmy Iy =0. (49)
This way (50) can be derived as:
%

m 1

—ds __"d (50)
mqs [q
Replacing (32) in (50) gives:

«  Lam +Rarm jan N &

Ta 4 "4 4 "9 16Cco 9 (51)
I Lam I8 +Rarm s N I

Ty Ted Ty T 60w a



Multiplying two sides of (51) leads to:

L * % R *\2 N x x L * % R % \2 N * %
arm arm arm arm
——1 ;1 + 1 —— I =—1 1 + 1 +—-1 1 52
4 ‘diavd (d) 16Co 974~ 4 "4Taqg " 4 (‘1) 16Co 174 (52)
Applying simplifications to the above equation leads to:
2 L % % 2 L * %
arm arm —
Iy o Iqlgya 14 —R—Iqlavq =0 (53)
arm arm

2 2
Then the two components of[Larm[* dj and_( Larm ’quj are added to both sides of the above

av
arm 2 Rarm

equation as:

2 2 2 2
%2 L %k ( L * J «2 L %k L * L * L *
[ s Zam o Zam |y Zam L) Zam _| Zam_; _| Zam_; (54)
d d*avd avd av av avd av
Rym 2R o, 1 Ry, 4% |(2R,, ™ 2R 2R q

This can be rewritten in the form of:

2 2 2
x L * x L * L %2 %2
[ +—4m_r —| I, +—4m_r =_dam_|r -1 (55)
[q R avq) [d R avd) 4R2 (avq avdj

L 3 3 , .
Considering P =2Vgd'd and 0 =Vqdq > (56) can be obtained as:

2 2 2

3L * 3L * 9L %2 %2 56

arm arm _ arm 2

[Q,ef +rvgdl q] —[Pref +Tvgd1 d] = T Ved [1 q—l dj ( )
arm arm 16Rarm

Equation (44) describes a circle with the center of [_ Lelavd *Vgd  Lelavg *Vgq | and radius of

2R, 2R,

2 2 . . . .
\/((Lciavd +ng) +(Lciavq +ng) _4Rcvdcich/ (4Rc2)’ while (55) is the equation for a hyperbolic. By

drawing them together, we can estimate the current curve for the stable operation of MMC in the
proposed model (Fig. 4(a)). The power flow curve of MMC shown in Fig. 4(b) can also be derived
in the same way.
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Fig. 4.Region for stable operation of MMCs in grid-connected operating mode, (a) current curve, (b) P-Q curve.




4. Results and Discussion

The detailed model is simulated in MATLAB/Simulink in order to verify operation of the proposed
control and switching method in control and operation of MMCs in power system. The values of
different circuit components and operational conditions applied to simulations are listed in Table I.
Fig. 5(a) shows the modulation index of the upper arm of phase-a (nua), generated by the proposed
modulation method. Implying that, a carrier-based modulation with phase opposition disposition
(POD) carriers is used in which individual triangular carriers are applied for each cell. Applying this
fixed PWM pattern to switching functions of each phase, the inner emfs of each phase leg driving
output currents of MMC are obtained based on total arm voltages as:

e, = Uelx ;Ucux (55)

As shown in Fig. 5(b), these voltage levels are fixed at desired values which mean that the
balancing algorithm is working properly.

In order to verify the efficiency of RSF voltage balancing algorithm, a comparison is also provided.
Fig. 6(a) illustrates the gate signal applied to the first SM in the upper arm of phase-a (Gua1) while
conventional voltage balancing algorithm is applied. Applying RSF algorithm, Gua1 is then again
demonstrated in Fig. 6(b). The comparison results clearly show an effective reduction in switching

frequency as the RSF algorithm avoids unnecessary switching transitions.

Table 1. MMC Parameters and Operational Conditions Applied to Simulations

Items Values
ac system voltage ¥, (L-L,rms) 10 kV
ac system inductance L. 30 mH
ac system resistance R 0.5Q
dc bus voltage V, 20 kV
Number of SMs per arm N 20
SM capacitance C 10000 pF
Arm inductance Lam 9 mH
Arm equivalent resistance Ram 0.7Q
SM capacitor voltage Vesm 1kV
Carrier frequency fi 5 kHz
active power Prer 14 MW

reactive power Qrer 6 Mvar
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Fig. 5. Applied modulation method, (a) modulation index of the upper arm in phase-a generated by the proposed

modulation method, (b) inner emfs of phase legs.
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Fig. 6. Gate signals applied to the first SM of upper arm in phase-a, (a) conventional voltage balancing algorithm, (b)
RSF voltage balancing algorithm.



In order to validate the proposed circulating current control, as it can be seen in Fig. 7(a), the
algorithm is initially disabled but then re-enabled at 0.4 s. As can be seen, the harmonic part of the
circulating current is reduced effectively while appropriate components generated by the controller
are added to modulation indices. Using this procedure leads to a more sinusoidal arm current
waveform as the distortion is mitigated. Fig. 7(b) illustrates the upper arm current of phase-a. It
should be noted that the dc component in the arm current is necessary as it represents the
transmission of active power between the ac and dc sides. Fig. 7(c) represents SM capacitor
voltages of upper arm for phase-a. The voltages are in the reasonable criteria and well balanced as
well as the significant reduction of the voltage fluctuation is achieved. It should be noted that
similar to any other controlling process, there is a transient period which happens inevitably before
complete accomplishment of steady state operation. In this regard, it can be seen that the arm
current as well as SM capacitor voltages are dealing with some oscillations during this transient
period which by the way ends perfectly at 0.55 s when the desired steady state operation can be
achieved as well.

Output voltages and currents of the converter are shown in Fig. 7(d) and Fig. 7(e), respectively.
Since circulating currents are considered as interior quantities, adverse effects of the controller on
the outer dynamic performances of the converter are not desirable. Consistent with this concept, the
ac-side quantities seem to remain the same and without any significant changes. However, a slight
reduction in output voltage THD is obtained, which could be considered as a result of the reductions
occurred in the SMs' voltage fluctuations. Hence, the controller improves output voltage quality as
well as the inner dynamic performances.

In order to validate the proposed controller, all Lam, Le, and C quantities used in simulations have
been changed by an amount of +%20 and the results are demonstrated. As it can be seen in Fig.8
(a), increasing Lam, L¢, and C values results in lower circulating current amount which then leads to
a more sinusoidal arm current and less fluctuations in capacitor voltages (shown in Fig. 8(b) and
Fig. 8(c) respectively). Applying the proposed circulating current control at 0.4s, the second
harmonic component of current has been eliminated effectively and the overall performance of the
converter is improved as it can be seen in the simulation results.

Applying 20% decrease to Lam, Lc, and C values, circulating current has been significantly
increased as it is demonstrated in Fig. 9(a). This way the arm current is containing more harmonic
components and the capacitor voltage fluctuations are increased as well. As it can be seen in Fig.
9(a), applying the proposed circulating current at 0.4s leads to a significant reduction in second
harmonic component of circulating current. Also the more sinusoidal arm current waveform and

reduced capacitor voltage fluctuations have been demonstrated in Fig. 9(b) and Fig. 9(c)



respectively. Therefore, the desired MMC operation based on the proposed modulation and control

method has been validated.
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Fig. 7. Simulated waveforms of the MMC using circulating current control:
(a) second harmonic component of the circulating current, (b)upper arm current of phase-a, (c) upper arm SM capacitor

voltages of phase-a, (d) output voltages of MMC, and (e) output currents of MMC.
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voltages of phase-a, and (d) output voltages of MMC.



<
s 200 -
T 0
2
™
e 200pyyvyyyYYYYUYYYYY .
g I I I I I \ \
ﬁ 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
& .
N Timef[s]
(@)
1000 T _ I , !
< 0 i
.,_‘g
S1000 [ e e e W T R
| | | | | | |

1 \ Va
5 | —w
% 0 Ve
> i
-1 . ) J
i i | I i | |
0.25 0.3 0.35 04 0.45 0.5 0.55 0.6 0.65
Time[s]
@
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(a) second harmonic component of the circulating current, (b)upper arm current of phase-a, (c) upper arm SM capacitor

voltages of phase-a, and (d) output voltages of MMC.



On the other hand, circulating current control has also been evaluated based on the second harmonic

dynamics of MMC (presented in equation (35) of the manuscript). As it can be seen, circulating
current can be affected by either L, or Ui variations while the latter depends on SM capacitor

values. In this regard, the operation of the proposed controller has been evaluated, applying +%20

changes in L, values and the results are demonstrated in Fig. 10(b) and Fig. 10(c) respectively. It

can be seen that the proposed controller is capable of eliminating the second harmonic components
of current in both scenarios. Moreover, the controller has also been evaluated, applying +%20

changes in Cg,, values and the results are demonstrated in Fig. 10(d) and Fig. 10(e) respectively.

Simulation results show that the controller is capable of providing an effective reduction in second
harmonic components of circulating currents in either case.

Also, the proposed controller is capable of providing specified values of active and reactive power
within the maximum stable operation range. As it can be seen in Fig. 11, the output active and

reactive power signals of the converter are perfectly following the specified reference values.

5. Conclusion
In this paper, an innovative control method has been presented for MMC as an interface between
renewable energy sources and the grid. Dynamic and steady state analysis of the proposed model
were provided through dc, 1st and 2nd harmonic models of the converter in dq frame. Converter
modulation was performed based on the proposed integrated dynamic model. Providing accurate
modulation indices relevant to network parameters and converter parameters was the first novel
contribution of the proposed control method over other control techniques. Following the addition
of capacitor voltage balancing algorithm, the functionality of the proposed controller was verified
by rigorous simulations in MATLAB/Simulink. On the other hand, converter's stable operation
range has been developed based on the equations of transferred power. In order to achieve a stable
performance, circulating current control has been designed based on second harmonic dynamics of
the proposed model, which was considered as the second novel contribution of the proposed control
method. It has been shown that by adding specific components to the prior modulation indices, the
second harmonic component of the circulating currents can be effectively reduced. Therefore, the
harmonic losses were declined while arm currents of each phase became more sinusoidal. As
clearly verified in this paper, this operation strategy based on the proposed control method

decreased capacitor voltage fluctuations, resulting in an enhanced output quality.
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6. Appendix

Two nonspecific signals X(#) and Y(?), are considered including zero sequence, fundamental and

second harmonic components as:

X (t) :XO +XDcos [0 +XQsinat +XD260S 2ax +XQ23in 2ax

Y (t) :Y0 +YDcos o +YQSin [0} +YD2cos 20¢ +YQ23in 2ax

By expanding the abc frame form and neglecting 3rd and 4th harmonic components, the product

signal Z(t)=X(t).Y(t) will be obtained for zero sequence, fundamental frequency and second

harmonic as follows:

z (t)=[XoY0+XD2yD +XQ2YQ +XD22YD2 +XQ2YQ2]
Z9
+[XDY0+X0YD +XD22YD +XQ22yQ +XD§D2 +XQYQ2]cosa)t+[XQYO+X0YQ —XDZZYQ +XQ§YD —XQ)Z/DZ ,Xploo sinar
z, z,
Xo¥p XpY

NES:1) _XoYo
2 2

+X po¥y +YD2X0]cosla)l +[

2

+ 3 +XQ2Y0 +YQ2X0]sin2a)t

Z42

ZqZ
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