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Abstract: This paper presents a new function-based modulation control technique for modular
multilevel converters (MMC). The main contribution of the study is the formulation of two new
modulation functions for the required switching signals of the MMC’s upper and lower sub-
modules respectively. The output and circulating current equations of the converter are employed to
attain the arm’s currents which are utilized for the proposed modulation functions, which have two
important features: 1) it is much less complex compared to the existing control methods of MMC;
and 1i) the proposed controller can be regulated properly to deal with parameter variations in a bid
to ensure stable and accurate performance. In this controller, the MMC output current magnitude
and phase angle required for special active and reactive power sharing can be easily applied to the
modulation functions. Also, the equivalent capacitors of upper and lower sub-modules are discussed
based on the proposed modulation functions. Finally, simulations are performed in Matlab/Simulink
environment to evaluate the performance of the proposed control technique in both the dynamic

conditions of load as well as varying parameters.

Keywords: Modular Multilevel Converter, Modulation Function, Control, Parameters Variations,

Sub-Modules.

1. Nomenclature

Indices o Angle Difference between output

MMC voltages and Currents

k a,b,c O; Phase angle of modulation functions
J 0,-1,1 Parameters
i u,l L Output inductance of MMC

Abbreviation R Output resistance of MMC
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MMC Modular Multilevel Converter L Arm’s inductance of MMC

SLPWM Shift Level Pulse Width Modulation R Arm’s resistance of MMC

Variables Leg Equivalent inductance of MMC

ix Input MMC Currents Req Equivalent resistance of MMC

Lk Arm Currents of MMC Q] Angular frequency of MMC

Leirk Circulating Currents of MMC Biwiz) Harmonically coefficients of sub-

module powers
MMC dc-link Current Brico12) Harmonically coefficients of arm’s

inductance and resistance powers

Ve MMC dc-link Voltage q3p Output Reactive power of MMC

Vik Sub-modules Voltages of MMC Lic dc component of dc-link current

Vi Output voltages of MMC Lderip Ripple parts of dc-link current

Vix The voltage of arm’s resistance and l:, - Derivative of dc-link current ripple
inductance parts

Dik Sub-modules power of MMC Iy Magnitude of output MMC Currents

Dix The power of arm’s resistance and V), Maximum Magnitude of output
inductance MMC Voltages

D3 Output Active power of MMC Vi Magnitude  of the  proposed

modulation functions

2. Introduction
Various characteristics of modular multilevel converters (MMCs) in high-power and medium-

voltage applications lead to the essential need to design appropriate controllers [1-2] and proposing
effective modulation techniques [3-4] for these kinds of converters. One of the significant trends for
controlling the MMC is to present a dynamic model based on the considered state variables of the
controller. For example, in [5], the sum of the capacitor voltage in each arm is used instead of the
individual capacitor voltages to shape the MMC model. To complete the MMC evaluation, an
effective dc-bus model from the sub-module capacitors is derived in [5]. For a grid-connected
MMC, a natural charge level mechanism for branch capacitor voltages as well as the branch power
equations based on the consumed active and reactive power in the respective resistance and
inductance are investigated in [6]. The study, in addition to enhancement of the voltage ripple
estimation concept using accurate model, two independent explicit control loops have also been
designed for the line and circulating currents in a decoupled manner.

Another dynamic model-based assessment for the MMC-based multi-terminal HVDC
(MTDC) system is performed in [7]. Two different dynamic models are proposed in the study. The
first dynamic model of MMC-MTDC system is included the AC side circuit, the inner controllers,
the modulation strategies, the outer controllers and the MTDC circuit. The second one as a
simplified model contains the outer controllers and partial dynamics of the MTDC circuit based on

a quantitative analysis of the detailed model’s dynamic processes [7].



In addition to proposing a continuous equivalent model [8], a corresponding single-phase
circuit and a load model consisting of current sources [9], and a dynamic model with four
independent dynamical components of the arm currents with the effect of AC and DC systems [10].
Others include a discrete-time mathematical model with a predictive model [11], a linearized
analytical models with droop control [12] for MMCs under balanced conditions, and other
literatures that present more dynamic models and respective controllers for assessment of the MMC
operation under other operating conditions [13-15].

Similarly, a number of new pulse-width modulation (PWM) techniques and capacitor voltage
balancing methods have been proposed to control MMC:s in different industrial applications [16-17].
A phase-disposition (PD) sinusoidal PWM strategy with a voltage balancing method [18], a
voltage-balancing control method with phase shifted carrier-based PWM [19], an improved PWM
method of which no phase-shifted carrier is needed [20] and a modified nearest level modulation
method with the increased level number of ac output voltage [21] have been employed for MMC:s.
In [22], a discontinuous modulation technique based on adding a zero-sequence to the original
modulation signals is proposed which can achieve a significant reduction in the capacitor voltage
ripples as well as in the switching power losses for most of the operating points.

To avoid the major drawbacks of the present voltage balancing methods, such as voltage
sorting algorithm, extra switching actions, interference with output voltage, the authors of [23]
proposed an improved PWM based general control structure for the MMC inverters. The designed
control technique is appropriate for both voltage-based and energy-based control methods, and also
includes voltage balancing between the upper and lower arms [23]. With the aim of dominating the
magnitude modulation for few numbers of cells and also reducing the sorting efforts for cell
balancing purposes, tolerance band methods are used for MMC in [24] to obtain switching instants
and also cell selection. Moreover, two different modulation patterns for multilevel selective
harmonic elimination (MSHE) PWM as well as a method for selecting the number of sub-modules
are proposed for control of MMC operation [25]. Among the different control and modulation
methods for MMCs [26], multi-carrier PWM techniques have an effect not only on output
waveforms and number of levels derived out of a given configuration of the MMC but also on DC-
link voltage and arm currents of the converter [27].

In this paper, two new modulation functions are proposed for control of the MMC operation
in inverter mode which can appropriately achieve the main control purposes included regulating the
sub-modules voltages and executing accurate active and reactive power sharing. These modulation
functions are obtained by making the circulating currents approach zero value and using the arm’s

currents in the basic differential equations of the MMC in a-b-c reference frame.



The main contributions of the proposed controller are: 1) achieving two separate modulation
functions to attain the switching signals of upper and lower sub-modules; 2) the simplicity of the
designed controller especially in comparison with the existing methods; and 3) maintaining stable
operation during parameters varying condition due to its structure. Moreover, the effects of the
MMC parameters and currents changes are considered as the assessment factors of the proposed
modulation functions performance in both steady-state and dynamic conditions. In addition, using
the proposed functions, the instantaneous powers of the MMC arms and the equivalent capacitors of
the upper and lower sub-modules are evaluated. Simulation results are presented to justify the

proposed modulation-based method.

3. The proposed modulation functions
The basic structure of the proposed three-phase MMC considered in the paper is shown in

Fig.1.a. The dc-link voltage generates the input power needed for the MMC operation. Each arm
consists of resistance and inductance, and N series-connected sub-modules, illustrated in Fig.1.b.
Each sub-module acts as a voltage source which is actually a half-bridge rectifier with determined
output capacitor corresponding to its required dc voltage. Based on Fig.1.b, complementary state
exists for the upper and lower switches of the sub-module.

It means that if the upper switch is on, the lower switch will be off and vice versa. Moreover,
the output of MMC contains inherent resistance and filter inductance. A point of common coupling
(PCCQ) 1s considered in the proposed MMC in stand- alone mode as depicted in Fig.1.a, to which the
output capacitance filter and the consumable three-phase load are connected. The following

discusses the process of obtaining the proposed modulation function for the described MMC.
3.1. Calculation of The MMC’ Arms Currents

According to Fig.1.a, supposing that MMC is controlled to reach sinusoidal output voltages at
PCC and supply full three-phase load as a linear load. Thus, based on the needed active and reactive
power of the load and the above conditions, the output voltage and current of MMC can be written
as,
(s%)
Vv, =V, Cos| ot + j—
3 (1)
. 27
i, =1, cos a)t+]T+a
The phase angle, a is the determining variable for generating the required active and reactive

power of the load in different operating conditions. From Fig.1.a, the relations between output and

arm’s currents of MMC and also circulating currents can be written as,
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Fig. 1. (a) The proposed MMC, (b) sub-module.

I, =1, +i, (2)

=) i (3)

I,
cirk 2 3
For a controlled MMC with accurate operation, the circulating currents should approach zero.
Consequently, by applying i,, =0to (3) and solving two equations achieved from (2) and (3), the

currents of the upper and lower arms of the MMC can be written as,

4
iuk=0.51mcos(a)t+j2—ﬂ+aj+idc/3 )
3

5
i, =0.51 cos(a)t+j2?ﬂ+aj—idc/3 ©)



It is understood from (4) and (5) that each arm’s current is combined with the output ac and
input dc currents.

3.2. The Proposed Modulation Function

For accurate control of the MMC, a well-designed pulse width modulation should be set.
Therefore, two reference waveforms for upper and lower sub-modules of the MMC are proposed in
this sub-section to perform a complete switching samples in the used shift-level PWM. Taking into
account the neutral point of the dc link in Fig.1.a, and using KVL’s law in the determined direction,

equations of (6) and (7) are achieved as,

] 6
v"c+vuk+L d”"+R,uk Lﬂ+Rik+vk=0 ©
2 dt dt

7
Yae _ L, iy +R,,k+Ld +Ri, +v, =0 2
2 dt dt
Substituting (1) and (4) into (6) and assuming i, =1, +i, . .di,. /dt=i,. ,L_ =0.5L+L
dc dc dcrip derip derip eq
and R, =0.5R, + R, the upper sub-modules voltages of the MMC can be obtained as,
- ) . 2

v, = % —Lig, /3=, R 13+ [lmReq sin(a )+ L, 1,0 cos (oc)] sin (a)t + ]Tﬂj + )

eq”m

[L I osin(a)-1,R, cos(a)+vm]cos(a)t+j27ﬂj

Using the relation below,

ysin(ot)+Acos(wt) =y’ + A’ cos(cot +tag” (Aly)—-m/ 2) ©)
The proposed modulation function related to the switching signals of the upper sub-modules

is established as (10),

,~ . /3—ich,/3+Vmucos(a)t+j2ﬂ+9“—ﬂ/2)
uk v
d

C

Please note that 7/, and 6, are given in appendix A. Applying the same scenario for equation

mu

(7), the proposed modulation function for lower sub-modules is derived as (11),

V;" /3—Ri, /3+V cos(a)t+j23ﬂ+9,—ﬂ/2)

t dcrlp ml
_ 11
yy = (11
Va

c

The variables ¥, and 0, are specified in Appendix A. These functions can be used for the

MMC control in all operating conditions including both dynamic and steady states. The proposed

modulation functions in steady state can be achieved by substituting the reference values of the



MMC parameters and specifications in V

mi

and 6, as well as using the desired values of dc link

voltage and current in (10) and (11).

4. Evaluation of the instantaneous power of the MMC arms
To analyze the effects of the arm’s currents obtained in (4) and (5) on the MMC operation, the

instantaneous power of the arms is investigated in this section. Each arm power of the proposed
MMC can be included; instantaneous powers caused by sum capacitors used in the sub-modules as
well as the resistance and inductance of the arms. Discussed next is the two types of power.

4.1. Instantaneous Power of the MMC sub-modules

As it can be seen in Fig.1.a, the currents of the upper arms of the MMC enter the positive
point of the upper sub-modules voltage. Thus, to comply with the power’s law, the instantaneous
power of the MMC’s upper sub-modules can be written as,
puk = iukvuk (12)

Substituting the obtained current and voltage corresponding to the upper sub-modules into

(12), we achieve equation (13) as,

2 -
Dt :(O.SIm cos(a)t+j7ﬂ+aj+idc /3]x(v;” —Lig, /31 R 134V, cos(wt +0, —71'/2)]

I,Li,. 2 R 2
=0.25v,.1, cos(a)t+j27ﬂ+aj—%‘wcos(wt+j7ﬂ+a]—l"”%cos(a)t+j§+aj (13

)
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After some simplifications, the final equation of the instantaneous power of the MMC upper

sub-modules can be obtained as,
2 27
P = B.o+ B,y cOs a)t+]7+a + B, cos(wt+6, —m [/ 2)+ f,, cos| 2wt +6, +a—7r/2+]?

m- mu
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The same calculations are performed for the power of the lower sub-modules, and

consequently,



Py =WV =

2 2
B+ B, cos(a)t+jTﬂ+oz]+[3,12 cos(wt+0,-7m/2)+ B, cos(2a)t+0, +a —ﬂ/2+j—ﬂj
(15)
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By =-0.251,v,

Where, g,in equations (14) and (15) are the coefficients of the instantancous dc power and

harmonic components which can be changed by the MMC’s specifications such as parameters like
currents and voltages. According to (14) and (15), the instantaneous powers of the upper and lower
sub-modules comprise two parts: dc component and harmonic components at the main and second-
order frequency of the MMC operating condition.

4.2. Instantaneous Power of the Arm’s Resistance and Inductance

Another part of the MMC arm is associated with the arm resistance and inductance. From

Fig.1.a, the voltage of the upper arm resistance and inductance can be achieved as,

t uk

« =L d”k+Rz
dt (16)

Substituting (4) in (16), the sum of the voltages of the upper arm resistance and inductance

can be written as,

ux

. 2 x 2
=-0.5], L wsin (a)t + j?ﬂ+ ocj +Li,,,/3+0.5 R, cos((oz‘ + jTﬂ + aj +i, R /3

(17)
Thus, the power corresponding to this voltage can be obtained as,
pux = iukvux
(18)
Using (4) and (17), (18) can be rewritten as,
27 27 T
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3 3 2
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Again, from Fig.1.a, the below relation can be written for the voltage of the lower arm

resistance and inductance as,



v, =L, ﬂ + Ry
dt (20)

Consequently, performing the same scenario for the lower arm resistance and inductance
voltage and observing the power law, the instantaneous power of the lower arm resistance and

inductance can be achieved as,
) 27 27 V4
Py =~V = Buo + B €OS a)t+]T+a + B, cos a)t+]T+a _E

4 4
+B.1 cos(2a)t+j?ﬂ+2aj+ 2 cos(2a)t+j?ﬂ+2a—£]

o 2 @1)
B =—0.125I’R, — Lrldcgnpldc B idcht
5 - LLi. o LiuR | 1Ri,
6 6 -
P = _@’ﬁw =—0.125IR,, B, =0.125I L

where B and g, are the dc and ac component coefficients of the upper and lower arm

resistance and inductance instantaneous power. These coefficients are completely dependent on the
MMC parameters and its operating conditions at the output and input sides. Thus, accurate
calculation of these powers is considerably dependent on the proper operation of the MMC in
different conditions of the steady and dynamic states, which can be achieved by executing the

appropriate control technique.

5. Determination of / and«

It can be understood from the proposed modulation functions of (10) and (11) that the main
parts of these functions are completely relevant to the specifications of the MMC output currents.
On the other hands, considering the obtained equation related to arm’s instantaneous powers, it can
be seen that the magnitude and angle phase of the MMC output currents have significant effects on
all power components. Thus, for presenting an accurate control strategy, the calculation of the
output of the MMC current specifications is done in this section based on its rated output active and

reactive power. The instantaneous active and reactive power of the proposed MMC are written as,

Py, =1.5V,1 cos(a) (22)

m-m

45, =1.5V,1, sin(a) (23)

Dividing (23) by (22) and using the achieved phase angle in (22), the main parts of the MMC

output current can be obtained as (24),



p3g0

gl 9
I = , a=tan ](—"’]
1.5V cos{tan"] (%“’n Pag (24

p3g0

For the proposed modulation-based control technique related to the MMC with specified
output active and reactive power, (24) is employed to perform accurately the controlling operation

of the MMC in different working states.

6. Accurate sizing of the equivalent sub-module capacitors
Considering the output operation of the MMC sub-modules, each sub-module has various

output voltage during different operating conditions. Thus, the equivalent capacitor of sum of the
upper or lower sub-modules is varied during the MMC performance along with the proposed
controller. Taking into account, the upper and lower arm currents of the MMC, the size of the
equivalent capacitor can be written as,

dv, iy (25)

o Pu o
= e T L)

dv i (26)
eql . = eql = -
dt (dv, /dt)

By substituting the obtained equations related to the upper and lower voltages and currents in
(25) and (26), the equivalent capacitors of the upper and lower sub-modules respectively are
derived as,
0.57, cos(a)t+j2ﬂ+aj+idc /3

C = _ 3 (27)
0.5V, = Riy, /3-V,osin(wt+6, -7 /2)

-0.57, cos(a)t+j2ﬂ+aj+idc /3
3 (28)

U055, — Ry /3~ Vywsin (ot —6, —7/2)
Equations (27) and (28) are drawn in Fig.2. As it can be seen from these figures, both
equivalent capacitors of upper and lower sub-modules are changed in operation state of MMC
which can show the variable feature of arms capacitors. Suitable operation of MMC can lead to

accurate calculation of these capacitors.

7. Simulation results
Matlab/Simulink environment in discrete mode is employed to evaluate the validity of the

proposed modulation function-based control technique under various operating conditions.
The overall structure of the proposed controller is drawn in Fig. 3. As it can be seen from this figure,

10



two processes of the MMC load and parameters changes are applied to the proposed MMC in
inverter mode, which shall be further discussed in this section. The values of these processes are
given in Table II. Moreover, to fulfil acceptable simulation results, the sample time of the
simulation is considered in 1 micro seconds (us). In both processes, ac capacitor filter is utilized at

the PCC, the value of which is presented in Tables 1 and 2.
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Fig. 2. The equivalent capacitor of (a) upper sub-modules (b) lower sub-modules.
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Load II
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Fig. 3. The overall structure of the proposed controller.

Table 1: The parameters of the proposed MMC in load changes conditions

Parameters | Value | Parameters Value
L(mH) |13 N 4
L(mH) |6 f(Hz) 50

R Q) 0.6 Load Active Power I 50 kW
R(QY) 0.1 Load Reactive Power I | 20 kVAR
vdc(m 11200 | Load Active Power II 35kW
v, ) 5800 Load Reactive Power II | 25 kVAR

Table 2: The parameters of the proposed MMC in parameters changes conditions

Parameters | Value | Parameters Value

Ltl (mH) 15 Rz (Q) 0.15

L) [6 [ v®) 11200

R(Q) [0 [y, 5500

R1 (Q) 0.1 N 4

Lo(mH) 25 f(Hz) 50

Lo(mH) 9 Load Active Power 50 kW

R , (Q) 0.9 Load Reactive Power | 20 kVAR
t
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7.1. Load Changes Evaluation

Firstly, the proposed MMC is set to supply the load of 50 kW and 20 kVAR in the time
duration of [0 s, 0.2 s] that is considered as steady-state period. Then, at t=0.2 s, a load of 35 kW
and 25 kVAR will be connected to the PCC and the MMC is responsible for the generation of the

needed power to cope with additional load. For the specified active and reactive power of the MMC,
the variables /,, and « will be calculated from (24) to be used in the proposed modulation function.

The MMC parameters in this section are given in Table II. The proposed upper and lower
modulation functions of the MMC-based control technique with its carrier waves during load
dynamic change are illustrated in Fig.4.a. The changes created in these functions at t=0.2s are used
to make a proper control performance for generating the needed switching signals of the MMC sub-
modules. Figs.4.b and ¢ show the generated switching signals for sub-modules of phase “a”. It can
be realized from these figures that there is an inverse pattern for upper and lower sub-modules so
that the needed switching signals are generated through SLPWM shown in Fig.4.a for reaching the

control aims under load change.

1 imE ]

e
T

A it Mt
0.194 0.196 0.198 0.2 0.202 0.204 0.206
Time[s]

(a)

13




1.5
1
ES
0.5
0
10.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
. T T
9 ! | |
=
“ 0.5 N
0
0.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
1.5 T T
- 1 H H
ms 0.5 w ﬂm
0
0.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
1.5 T T T
E ] | | |
=
2 0.5
0
0.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
Time[s]
(b)
1.5 T T
1
©0.5
0
0.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
1.5 T T
1
9
05
07
0.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
1.5 T !
0
0.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
1.5
1
3
”0.5
0
0.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
Time[s]
(c)

Fig. 4. In load changes process, a) The proposed three-phase upper and lower modulation functions with its carrier

6

waves, b)the generated switching signals for upper sub-modules in phase “a’ c) the generated switching signals for

6

lower sub-modules in phase “a

The performance of the proposed controller at the desired control of the sub-modules voltages
is shown in Fig. 5.a. According to this figure, the sub-module voltages in steady state are kept
within the desired value region of 2.8 kV. After load dynamic change, the desired value of the sub-
module voltages can be properly achieved with negligible transient response which proves the

proper dynamic operation of the proposed controller. The output ac voltages of the MMC before

14



and after using ac filter capacitor (C, =50uF") are shown in Fig.5.b, which validates the accurate
performance of the designed modulation-based controller in both operating conditions.
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Fig. 5. (a) The sub-module voltages of phase “a” (b) The output voltages of MMC before and afier connecting ac filter
capacitor under load change condition

The output and circulating currents assessment of the MMC is accomplished in Fig.6.a. This
figure verifies the capability of the MMC at generating suitable output currents in both steady state
and dynamic operating conditions. Moreover, as can be seen, the MMC’s circulating currents
almost tend to be zero with the slight fluctuations.

The capability of MMC for active and reactive power sharing is indicated in Fig. 6.b.

According to this figure, the MMC’s active power properly follows the total load active power in

15



both operating conditions. Fig. 6.b demonstrates the ability of the proposed controller at tracking

the reactive power of load in both conditions. Fig.7 shows the angle difference between output

MMC voltages and Currents under load changes condition. As it can be seen in Fig.7, this angle is

appropriately changed according to the MMC active and reactive power needed for load.
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Fig. 6. (a) The output and circulating currents of the MMC. (b) Active and reactive power of the MMC under load

changes condition.
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Fig. 7. Angle Difference between output MMC voltages and Currents under load changes condition.

7.2. Parameters Changes Evaluation

In this section, the effects of varying the MMC parameters on the proposed modulation-based
control technique are investigated. Two collections of the parameters corresponding to the MMC’s
resistances and inductances are given in Table II, which presents the MMC parameters in two
different operation conditions. The MMC parameters are varied to the second condition in t=0.2 s.
In this process, the MMC supplies a constant load of 50 kW and 20 kVAR. In the presence of the
parameters alterations, the proposed modulation functions varied as depicted in Fig.8.a. The related
carrier waves are also given in Fig.8.a. The changes made in the functions leads to a different trend
for the applied PWM, upon which the appropriate control operation will be finally executed for the
proposed MMC. By using SLPWM presented in Fig.8.a, the switching signals for upper and lower

13 ”

sub-modules of phase “a” are achieved illustrated in Fig.8.b and c, respectively. The same pattern is
governed in this section. However, the control aim is following the reference values under MMC

parameters changes in which switching signals are adapted according this aim.
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Fig. 8. In parameters changes condition, a) The proposed three-phase upper and lower modulation functions with its
carrier waves, b)the generated switching signals for upper sub-modules in phase “a” c) the generated switching

6

signals for lower sub-modules in phase “a

The first aim of the proposed controller is to regulate the sub-module voltages. As it can be
seen in Fig.9.a, after varying the parameters at t=0.2s, the proposed controller is able to maintain the
sub-module voltages around the desired value regardless of the small fluctuations in short transient

time. The output voltages of MMC during ac filter capacitor ( C, =50uF ) connection and

disconnection are shown in Fig. 9.b. The proposed controller is able to keep these voltages at its

desired values in parameters changes condition as shown in Fig. 9.b.
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The output and circulating currents of MMC are shown in Fig.10.a. According to this figure,
the sinusoidal output current is proportional to the consumed load. Also, it is realized form Fig.10.a
that the proposed controller is able to reach the desired value of the output currents with the
existence of MMC parameters variations. Moreover, it can be observed from Fig.10.a that the
operation of the proposed controller in both steady and dynamic state for minimizing the circulating
current is good. The active and reactive powers of the MMC are displayed in Fig. 10.b. According
to this figure, the MMC parameters variation have no significant effects on the active and reactive
power sharing of the MMC, as the MMC properly generates the required active power of the load.
Fig.11 shows the angle difference between output MMC voltages and Currents under MMC
parameters changes condition. It can be understood from Fig.11 that the angle values are kept in
limited area with suitable instantaneous alterations leading to constant active and reactive power in

presence of MMC parameters changes.
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Fig. 9. (a)The sub-modules voltages of phase “a” (b) Output voltages of MMC before and after connecting ac filter
under parameters change condition.
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changes condition
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8. Conclusion
The main contributions of this paper are two separate modulation functions proposed for the

generation of the switching signals of the MMC upper and lower sub-modules. The MMC arms
currents, driven from circulating and output currents are applied to the mathematical model of the
converter in a-b-c reference frame. This proposed modulation functions are simple in construction
when compared with other control methods. It also stabilized the operation of the system in periods
of parameters varying conditions. Changing the load connected to the PCC and MMC parameters
was considered for the assessment of the designed controller, which was responsible for the control
of the sub-modules voltages and accurate active and reactive power sharing performance. To
complete the evaluation of the proposed controller, the instantaneous power of the MMC arms and
the equivalent capacitors of the sub-modules were investigated. The simulation results in
Matlab/Simulink environment demonstrated the capability of the proposed controller at reaching the

main control purposes.
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10. Appendix
[ImReq sin(oc)+Leqlmcocos(oc)]2 + . | [Leqlmcosin(a)—lmReq cos(a)+vm]]
mu > Mu =1a .
[Leqlma) sin(a)—1,R,, cos(a)+v, ]2 [lmReq sin(a)+L, 1,0 cos(a)]
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2
I R sin(a)+L I wcos(a)| +
I/; _ [m eq ( ) eq” m ( ):' Ql:tag_]

ml 2?2

[—vm—R I, cos(a)+L,1 cosin(a)]

eq” m ‘eq™ m

[—vm—R I, cos(a)+L, 1 cosin(a)]

eq”m eq™ m

[Leqlma)cos(a)+R I sin(a)]

eq” m
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