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ABSTRACT

Modular multilevel converters (MMCs) break brought a breakthrough in the field of high and medium power
applications, high voltage direct current (HVDC) is primer applications. The major MMC operational challenges
allied with the control and voltage balancing of a sub module capacitor. This paper proposes a logic sort algorithm
(LSA) for achieving the optimal value of a sub module capacitor to balance the voltage of MMC. Capacitor voltages
are initializing from circulation of currents on upper and lower legs of MMC. MMC upper and lower arms capacitor
voltages are measured and are formed in an array, optimum capacitor voltages are in each sub module arranged
from the LSA. The LSA further compares the capacitor voltages in the array to obtain an optimal value for the sub
module. Similarly by applying active and reactive power controllers to increase the efficiency of the system. This
article aims to provide an exhaustive analysis on the design of MMC controller to achieve the optimal performance
to improve the efficiency of the converter. The proposed method is tested using MATLAB Software for a five level
MMC and the results are presented and analysed.

Keywords: Modular multilevel converter; HVDC applications; Proposed Logic sorting algorithm capacitor voltage
balancing; active and reactive power controllers

1. INTRODUCTION

In the HVDC system conversion, MMC type voltage source converter (VSC) have distinctive advantages,
mainly due to their excellent harmonic performance at higher voltages, independent control of active and
reactive power in transmission lines, voltage control in wind farms, high modularity in their construction,
simple scalability, usage of low cost filters, robust control schemes, and wider applications high voltage
renewable. However, the MMC is superior to the VSC in many ways. Since MMC is scalable technology,
it can be used in HVDC transmission voltages. The problem associated with simultaneous switching in a
VSC is irrelevant in MMC. The switching frequency is lower for individual sub modules and hence the
switching losses are lower to that of classical VSC. A major advantage of MMC over VSC is the variable
voltage on the alternative current side is reduced because the voltage steps of the terminals are minor. The
MMC with half bridge configuration cannot obstruct the fault currents at DC pole fault but full bridge sub
module configuration is able to suppress. However, a trade off exists between the increased number of semi
conductor switches and fault handling capability [1-7].

MMC have few operational issues associated those are sub module capacitance voltage balancing,
circulating current suppression control and fault-tolerant process [8]-[ 10]. An investigated method is balance
the sub module capacitor voltages can be summarized as: Generally, multi carrier PWM techniques are
used to generate the pulse pattern in MMC. The main advantages of switching techniques are the low
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switching frequency and THD of the voltages. The low frequency modulation techniques are nearest level
control (NLC) and similarly Selective harmonic elimination (SHE) [11]-[13]. Implementing of these
techniques are the enough to balance the each capacitor voltages. A logical modulation algorithm based on
independent both higher side and lower side modulations can help to balance the capacitor, and as well as
it provide a method to generate each cell switching signals [14].The most commonly used voltage balancing
strategies are based on the sorting algorithms. Conventional capacitor voltage balancing strategy which
depends upon the polarity of the arm current has been reported in [15]-[17]. In [18], sorting algorithms
with reduced switching frequencies have been proposed. ZixinLi [19] proposed Cross Phase Shift PWM
technique to reduce 50 % voltage ripples compared with multi carrier PWM techniques by generating the
pulse pattern in MMC. But high frequency modulation imposes to high switching losses compared with
fundamental frequency modulation on the MMC. K.Ilves [20], proposed a predictive algorithm for equal
distribution among all the sub modules and also proposed sorting algorithm for the reduction of ripples by
24%, when the capacitor voltage is maximum. Kui Wang [21][22] proposed a new MMC connection to
reduce voltage oscillations in upper and lower legs connected to the middle of the leg.PedramSotoodeh
[23] is proposed three conceptual functions those are active reactive power control, capacitor voltage
balancing and generated PWM pulses. This active and reactive power controller is more popular to improve
efficiency of converters. The proposed strategies provide an effective solution to avoid unnecessary switching
transitions in the sub modules. The main focuses in MMC, Voltage balancing control strategy in each arm.
Because of the arm current and the capacitor voltage error generate the modulation index in each cell. If the
capacitor corresponding cell charges when error is positive, and if the capacitor of the corresponding cell
discharges when error is negative. However, the voltage balancing accuracy is compromised [24]-[30].

In this paper, capacitor voltage balancing of a five level MMC is proposed using logic sort algorithm.
This algorithm is applied to the lower arm and the upper arm of MMC. Capacitor voltages are arranged in
array and positions are labeled as p, i and j where p represents the position of the first element (pivot
element) of array, i represents the position of the element next to pivot element and j represents the position
of the last element of array. This method generates optimum values of the capacitor for balancing the
voltage of upper and lower leg connections of MMC. Similarly, active and reactive power controllers are
incorporated with logic sort algorithm so this total system is developed and results are compared with a
controller and without a controller. The intermezzo of the paper is outlined as follows. It deals with the
general framework for the capacitor voltage balancing of a MMC, The proposed sorting algorithm has been
discussed and reports the controller design and simulation results are discussed.

2. BASIC STRUCTURE OF MODULAR MULTILEVEL CONVERTERS

Fig. 1 represents the schematic diagram of a MMC-HVDC system. The MMC-HVDC system comprises of
two similar MMC stations.
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Figure 1: Back to Back HVDC system
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Figure 2: Equivalent model of MMC for phase a

Fig. 2 is the equivalent model of MMC for a single phase. The series connection of sub modules in an
arm represents a controlled voltage source.

Applying the KVL to the converter arms of single phase in Fig. 2 yields:

arm di% + R ymian *Va — Vch +Vyy =0 (7)
V di
y =dc_y _yp Tau_p ®)
a 2 au “arm arm au
di V
al _ dC —
arm Romlal Vet 2 al 0 ©
Va =’%+Val +‘]‘arm%JrRarmial (10)

The sum of (8) and (10) equations and also equations(2) & (4) gives

% Val V Larm diau _ dial )— Rarm G —i ) (11)
a 2 2 dt dt 2 cau al
Vo= Val _Vau . Larm (dia )— Rarm i) (12)
a 2 2 dt 2

Subtracting (8) by (10) equations:

di di
_ au al . .
Vdc B Vau * Val * arm( dt * dt )+Rarm (lau Tlal

) (13)

V=V 4V +2L (C”) (i .) (14)
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From equations (13) and (14), it is clear that by controlling the arm voltages, the ac side voltage for an
inverter operation and DC side voltage for a rectifier operation can be controlled, which is the functionof
MMC.
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3. PROPOSED LOGIC SORTING ALGORITHM

Generally, the sub modules are switched ON depending upon the pulse pattern. At every instant, the reference
signal is compared with a set of triangular carriers and the pulse pattern is generated irrespective of the

capacitor voltages. With this generation, the sub modules which are to be switched ON or OFF cannot be

determined specifically. This works well under normal conditions due to the cascaded connection of sub

modules. However, in order to ensure a reliable operation in HVDC systems, the sub modules which are to

be switched ON or OFF must be precise. This can be accomplished by adopting sorting algorithms for

which the direction of arm current and the capacitor voltages acts as inputs. If the sub module is switched
ON the arm current is positive then the capacitor charges and the capacitor discharges, if the arm current is

negative then. If the sub module is OFF then the capacitor is bypassed. A correlation can be established

between the arm current, capacitor voltages and the switching operation of the sub module through which
a general sorting algorithm can be derived. During each control period, the capacitor voltages are measured
and sorted.

The proposed selection algorithm is to be applied for an upper arm and the lower arm individually. It
can be summarized as:

Stepl: Input the capacitor voltages into an array a[N], where ‘N’ denotes the number of sub modules
in an arm.

Step2: Assign the positions p, 1, ] where p represents the position of the first element (pivot element)
of array, i1 represents the position of the element next to pivot element and j represents the
position of the last element of array.

Step3: Compare a[p] and a[i]; if a[p]> a[i] then increment the value of 1 by 1; else return the value of 1.
Step 4: Compare a[p] and a[j]; if a[p] < a[j] then decrement the value of j by 1; else return the value ofj.
Step 5: Compare the values of i and j; if i< j then swap (a[i], a[j]); else swap (a[p], a[j]).

Step 6: After swapping, all the elements above the pivot element are lesser than the pivot element and
the elements below the pivot element are greater than the pivot element. Thus, two sub arrays
are formed.

Step 7: Recursively, apply the step 4 and step 5 to sort the sub arrays.
Step 8: Stopping criteria: Stop the process when all the elements appear in ascending order.

After sorting, the sub modules which are to be switched ON must be selected. The selection of the sub
modules is dependent on the measured capacitor voltages and the arm current. The flowchart is an

Upper arm Lower arm
Vel1=630V VeB=690Y
Ve2=610V Ve7=660Y
Ve3=650Y Veg=700V
Ved=640Y Ve9=680Y
Veb5=620V Vel0=670Y

Figure 3: capacitor voltage before sorting
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implementation of capacitor voltage balancing strategy is shown in Fig. 4. An example to describe the
selection procedure is as under. Let the number of sub modules in an arm be N = 5. The capacitor voltages
of the upper arm are denoted as V| toV , and that of the lower arm are denoted as V_  to V_ . Before
sorting, the capacitor voltages in the upper arm and the lower arm are as shown in Fig.3.

The proposed sorting algorithm is applied to the upper arm capacitor voltages and the voltages are
sorted in ascending order as shown in Fig. 5.

The sorting algorithm is then applied to the lower arm capacitor voltages and the voltages are sorted in
ascending order as shown in Fig. 6. The numbers of sub modules to be inserted in the upper and lower arms
are determined by using an equation (5) and (6). After sorting, the capacitor voltages in the upper arm and
the lower arm are as shown in Fig 7. Let the number of SMs to be inserted in the upper arm be N = 2. The
direction of the upper arm current i_ is positive, so the sub modules with the lowest capacitor voltages i.e.,
SM2 and SM5 must be switched ON and all the remaining sub modules must be bypassed.The number of
sub modules to be inserted in the lower arm be N;= N-N = 5-2 = 3. The direction of the lower arm current
1, is negative, so the SMs with the highest capacitor voltages, i.e SM8, SM6 and SM9 are switched ON and
the remaining sub modules can be bypassed. Selection of sub modules of phase a based on the proposed
algorithm is presented in Fig 8.

Initialization
Measure the capacitor Measure the capacitor
voltages in upper arm voltages in lower arm
Apply the proposed sorting Apply the proposed sorting
algorithm to upper arm algorithm to lower arm
capacitor voltages capacitor voltages
Determine the number of Determine the number of
SMs to be inserted in the SMs to be inserted in the
upper arm by using (5) lower arm by using (6)
Determine the direction of Determine the direction of
upper arm current lower arm current
If lau > 0, switch ON the If ial > O, switch ON the SMs
SMs with lowest V¢ with lowest Vc
If lau < 0, switch ON the If ial < 0, switch ON the SMs
SMs with highest Vc with highest Vc
stop

Figure 4: Flow chart for SM capacitor voltage balancing algorithm
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4. CONTROL APPROACHES OF MMC

The primary control objective of MMC is to control the voltages and currents at its terminals. Since MMC
is a potential candidate for HVDC applications, it must work as an effective energy interface. Furthermore,
the secondary control objectives include mitigation of harmonics, control of active and reactive power,
capacitor voltage balancing, suppression of circulating currents, reducing the switching losses etc. Therefore,
to control the MMC, a controller which can accomplish the primary and secondary control objectives must
be designed. A detailed control system which comprises of inner current control, voltage balance control
and active-reactive power control is shown Fig. 9 shows the phase locked loop (PLL) which is used for the
synchronization of the converter voltage. The PLL mechanism is able to detect the phase angle 0 in
coordination with the converter output voltage. In addition to synchronizing signals, the PLL can track the
frequency also. In the PLL, the angle 6 is obtained from the integration the angular frequency ®. Fig. 10
represents the inner current control.

P |0 ] 630 6302610Ti++}._ P | O | 901 63026207 i ++)
| 1 | 610 | 6302650F B 1| 610 | 6302640 F } B
2 | 650 | 630<620 Fj=4 i 2 | 620 | 630<650T ) ——

3| 640 | 1] T 30| 640 | 630<640T ) ——j=2
] 4 620 | swap (a[2], a[4]) J 4 650 | 630<620F
i<j F
® ®) swap (a[0], a[2])
P | 0 | 620 | 620>640 Fi=3 p | 0 | 660
1 610 620 < 630 T ——| . ] 1 670
i | 2 | 60 | 620<610F }]:1 N
i | 3 | e40 | 620<610 F 3| 690
4 | eso | 15 F i | 4 | 700

swap (a[0], a[1])
(©) (d)

Figure 5: (a)-(d) Sorting the upper arm capacitor voltages by using logic sort

p | 0 | 690 | 600>6607 i ++) . p | 0 | 690 | 690>670T i ++
i | 1] 660 | 690>700F } B 1| 660 | 690>680 T i ++pi=4
2 700 690 < 670 F j=4 i 2 670 690 > 700 F
3 680 | i<j T 3 680 | 690 <700 T ——}-:3
j 4 | 670 | swap (a[2], a[4]) j 4 | 700 162(} <680 .

(a) () swap (a[0], a[3])
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P | O | 680 1 670>700 F i=4 P | O | 69 1680>700 F i=4
! 660 | 670<680 T ——) ! 660 | 680<690 T ——)
2 | 670 | 670<660F }]:1 i | 2 | 680 | 680<670F }]:2
j 3 690 | 1<] F 3 690 | i<] F
i 4 700 | swap (a[0], a[1]) i 4 700 | swap (a[0], a[2])
© @
P 0 660
i 1 670
2 680
3 690
i 4 700

(e)

Figure 6: (a)-(e) Sorting the lower arm capacitor voltages by using logic sort

Upper arm Lower arm
Ve2 =610V Ve7 =660V
!_Vc_S :_62£V_! Vel0 =670V

Vel = 630V i_v?9 :_6%/_;
Vo4 = 640V | veo =690V|

Ve3 =650V !_ViS :_70_0\/_!

Figure 7: capacitor voltages after sorting

In this control, the converter phase current in dq axis is compared with reference current command and
the error is processed through a regulator to generate the voltage command. The reference current command
Lo g is obtained from active-reactive power control. The generated voltage is then limited and it is converted
from dq reference frame to abc reference frame. Fig. 11 represents the active-reactive power control of the

MMC.

This control block is used to track the current reference in dq axis. The instantaneous active and reactive
power that flow within the converter cells is given by (15) & (16) equations. The power control acts in such
a way that the current is controlled by a calculated reference value to assure that the active and reactive
powers are set points as shown in Fig. 12.

P..=U,+U.1I, (15)

Qmeas =Ud]q _Uq[d (16)

MMC has ability of energy balancing under unbalanced conditions. However, a DC voltage regulator
unit is added which regulates the mean value of all DC link capacitor voltages. In this control, regulation of
the mean value of DC link voltage, phase currents leads to the generation of balanced voltages in this
control technique. The generated voltage command is obtained from the inner current control.
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Figure 8: Capacitor voltages after Logic sort Algorithm
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Figure 11: Active and reactive power control
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Figure 12: DC voltage balance control

S. RESULTS AND DISCUSSIONS

In order to verify the operation of MMC with the active, reactive power controller and LSA, a three phase
MMC with two sub modules per arm is simulated in MATLAB software. The output voltages of MMC
without a controller and with a controller are shown in Fig. 13(a) and Fig. 14(a) respectively. The output

-V +V
dc and 2dc . The

voltage of MMC with the controller exactly swings between the voltage levels

THD of output voltage of a five level MMC without a controller is observed to be 21.02%. Generally, in
order to reduce the THD the number of levels of the converter must be increased. But, instead of increasing
the number of levels, the total harmonic distortion of the output voltage by implementing the proposed
converter is observed to be 6.38%. Furthermore, it can be noted that the voltage ripple has been considerably
reduced for MMC with controller. The phase currents of MMC without controller and with a controller are
shown in Fig. 13(b) and Fig. 14(b) respectively. The THD of the phase current without and with controller
is observed to be 12.32% and 1.79% respectively. The line currents of MMC without a controller and with
a controller are shown in Fig.13(c) and Fig. 14(c) respectively. The THD of the line current without and
with controller are observed to be 13.06% and 2.56% respectively. It implies that the integration of the
proposed controller with the converter system can effectively reduce the harmonics, which is one of the
desirable factors of MMC. It is observed that the active power and reactive power of the converter can be
controlled through implementing the proposed controller. Fig. 13(d) represents the ac side the reactive
power and the active power of MMC without a controller. The reactive power and the active power that
flow within the converter are observed as 0.098MW and 0.275MVAR for the system in the absence of the
controller. Moreover, the ac-side active power ripple is more predominant and it cannot be reduced. The
active power and the reactive power of the converter with the proposed controller are shown in Fig. 14(d).
With the introduction of the controller, the active power and the reactive power of the converter are observed
as 0.115MW and 0.27MVAR.

Initially, the reference values of active and reactive power are set to zero. The active power ripple is
considerably reduced with the adoption of the proposed control method. The input dc power of the converter
without a controller and with a controller is maintained constant at 1.2MW as shown in Fig. 13(e) and Fig.
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14(e). With the advent of the controller, the converter efficiency has been increased from 81.6% to 95.83%.
The capacitor voltages are well balanced in the MMC by adopting the controller. The results of capacitor
voltage balancing without a controller and with a controller can be observed in Fig. 13(f) and Fig. 14(f).
From the obtained results the following conclusions can be made: the output voltage of the converter is
controlled which is the primary control objective of MMC. The THD of ac voltage and current is within the
permissible limits. The ac voltage and current has low harmonic content. The active and the reactive powers
are controlled. The input DC power of the converter is regulated without any deviation. The converter
efficiency has been improved which implies that the converter losses are reduced. The capacitor voltages
are regulated and well balanced.

6. CONCLUSION

In this paper, a novel capacitor voltage balancing strategy has been proposed. Its presents and evaluates a

voltage Logic sorting algorithm which enables the capacitor voltage balancing in MMC, demonstrates a

control system based on a five level MMC. With the control system, all the control objectives of MMC can

be accomplished. A comparison of MMC without a controller and with a controller has been presented. It

is obvious that the converter with the controller exhibits a promising performance as compared with the

converter without a controller. The results show that the overall efficiency of the converter has been enhanced
with the use of a controller. Furthermore, the control characteristic of MMC renders it as the most potential

configuration in high/medium power applications.
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