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ABSTRACT In this paper, an enhanced voltage sorting algorithm is proposed for balancing each sub
module capacitor voltage in modular multilevel converter (MMC). However, the submodule (SM) voltage
strategy becomes more complex when it increases to a number of levels, which eventually increases voltage
ripples and circulating current. In order to overcome this problem, an enhanced voltage sorting algorithm
is proposed, which implies an enhanced control logic function for capacitor voltage balancing of the
converter. The switching pattern of each SM floating capacitor is determined based on the modulating signal
methodology, which is then compared with the hybrid state condition using arm current direction in the
MMC. Additionally, the generated hybrid signals are once again compared with the dynamic implicit number
by conjoining the switching logic state variables. Due to this comparison of logic function, the capacitor
voltage is balanced properly and reduces the capacitor ripple voltage to a permissible limit compared to the
conventional method. Hence, compared to other balancing techniques, the circulating current is reduced
by using conventional control techniques. The desired pulse signals for the power devices are obtained
based on the multi carrier pulse width modulation techniques. The superior performance of the proposed
algorithm is tested using MATLAB/Simulink software and real time laboratory hardware setup for different
load conditions. Apart from this, the effective performance of the proposed method has been validated in the
HVDC transmission system.

INDEX TERMS Enhanced voltage sorting (EVS) algorithm, hybrid state condition, modulation methodol-
ogy, modular multilevel converter (MMC), dynamic implicit number, HVDC system.

I. INTRODUCTION

The modular structure based Voltage Source Converter (VSC)
has become an efficient converter for high voltage appli-
cations. This engrossed many researchers to focus on its
technical challenges associated for reliable operation and
extend it to various low power applications. In addition
to this, its modular and voltage scalable features, have
become a growing attention in industrial applications com-
pared to traditional converter [1]-[4]. The MMC was first
proposed in 2003 [5] for wide power range applications,
which were further extended to medium power applications
such as variable speed drives, static compensator [6], [7]
etc. At first, the Siemens installed the MMC for HVDC
system in San Francisco during the year 2010, followed by
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ABB in Germany during the year 2012 for offshore wind
farm applications. So, based on several features such as
reliable operation, harmonic performances, modularity, high
efficiency, voltage scalability, redundancy, low voltage stress
(dv/dt), and low power rated submodules made the converter
applicable to HVDC system [8], offshore wind plant [9],
multi-terminal system [10], ship board application [11],
motor dives, static compensator, and AC transmission sys-
tem [12]. Furthermore, many researchers are focusing on
implementing the converter for large scale photovoltaics
applications, microgrid system [13], renewable sourced grid
integration [14], [15] etc.

The most important factor that depends on the safe and
reliable operation of MMC are proper capacitor balancing
techniques, circulating current suppression, and ripple volt-
age minimization. In that, the capacitor balancing techniques
plays an important role in controlling each SM capacitor
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voltage, also it controls the output line current and voltage
of the MMC. The ripple voltage in each SM capacitor is
increased due to the uneven balancing of the floating capaci-
tor connected in the MMC. This causes increase in harmonic
components and circulating current in each converter leg.
Similarly, the increase in circulating current affects the peak
value of the arm current and also increases the switching
and conduction losses of the converter. Hence suppressing
the capacitor ripple voltage and circulating current are the
important features of MMC. In order to overcome the afore-
mentioned problem, a proper voltage balancing algorithm,
modulation schemes and control methods are needed for
reliable operation of MMC. Many different voltage balancing
techniques are proposed based on balancing the capacitor
voltage, in that the most widely used method is voltage
sorting algorithm. Generally, these algorithm are used to
control each SM connected in converter leg (upper and lower
arm), by sorting the capacitor voltage by either descending
or ascending order using the arm current (iym) direction
[16], [17]. However these techniques are simple and reliable,
but it affects stability and increases the computational burden
to the converter, when it is subjected to a high frequency
switching process and also increases the circulating current.
An average voltage balancing technique is proposed in [18]
and [19], discusses that balancing each SM capacitor voltage
based on a separate controller and then it is incorporated
with average modulating reference signals for generating the
switching pulse signal for MMC. However, this technique
causes an uneven balancing when subjected to high switching
frequency and thus eventually increases the capacitor ripple
voltage. Furthermore, many control methods are proposed by
many researchers to rectify the voltage balancing issues. The
closed loop control approach [20], [21] used to balance the
capacitor voltage using feedback controller and the obtained
signal is once again adjusted using phase shifted modulating
signals. Based on phase shifting, the capacitor voltage is bal-
anced properly but it causes more complexity in control func-
tion. The open loop balancing approach [22], [23] simplifies
the capacitor balancing issues based on the carrier rotation
and switching gate signal pattern without measuring the SM
capacitor voltage. The open loop approach reduces the ripple
voltage of the capacitor to a certain limit, however it takes a lot
of processing time and response during the low dynamic con-
dition. To overcome that, a decentralized control method [24]
is proposed to control each power module capacitor and to
minimize the voltage ripple factor to a permissible limit. This
method can only able to control the dual line frequency com-
ponents and applicable constant load condition. In [25], back
stepping control method suppresses the circulating current
by nonlinear control variables are incorporated with the Lya-
punov theory and generates the multi stage control variables.
These variables are combined with the virtual feedback con-
troller and stabilizes the dynamic response. The generalized
control approach [26], [27], injects a zero sequence voltage
to the energy balancing algorithm and then optimized the
current stress in the arm of MMC. This method eliminates
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the second and fourth harmonic components and the capacitor
ripple voltage. Apart from the voltage sorting algorithm, the
modulating signal based balancing techniques are proposed
in many literatures. The most widely used modulating tech-
niques are nearest level techniques [28], multilevel carrier
techniques [25], carrier phase shifted modulation [29], [30]
and space vector modulation [31], [32]. The multilevel carrier
and nearest level have widespread applications for balancing
different SM topologies in MMC. They provide a unique
advantage in terms of control function, system complexity,
safe and reliable operation.

In this paper, an enhanced voltage sorting algorithm is pro-
posed for balancing the capacitor voltage of MMC. The level
shift (phase disposition) modulation scheme is applied for
generating the switching pulse signal for the power devices.
The acquired pulse signals are modulated into two meth-
ods, one is modulation signal methodology and another is
enhanced voltage sorting algorithm. The modulating signal
methodology is proposed for restructuring the pulse signal
into multiple signals (divided and cumulative signals) and
then it is incorporated into the proposed algorithm. The same
signal pattern can be applicable to N number of SM without
any modifications. Likewise, in voltage sorting algorithm, the
acquired signals from modulation methodology are compared
with upper and lower arm voltage based on iy, direction,
which generates hybrid state signals. Furthermore, hybrid
signals are once again sorted out to produce dynamic implicit
number by comparing with number of SM, modulation index
and cumulative signal. Finally, the dynamic implicit signals
are compared with switching logic state signals and produces
the gate signals for the power devices connected in the MMC.
Hence, the superior performance of the proposed algorithm is
tested using dynamic load conditions by simulation and real
time hardware setup.

The structure of the paper is arranged as follows: the basic
structure of MMC and mathematical model are discussed in
Section II. In Section III, the modulation schemes, proposed
enhanced voltage sorting algorithm, and HVDC system are
presented. Section I'V discusses about the performance of the
proposed techniques in simulation and real time hardware
environment. Section V discusses about the comparative per-
formance analysis and section VI depicts the conclusion.

Il. OPERATING PRINCIPLE OF MMC

A. BASIC STRUCTURE

The schematic arrangement of MMC is shown in figure 1.
It consist of three converter leg, an input voltage source (DC),
an arm inductor and a three phase load. The DC input (V)
splits into positive (+V4c./2) and negative (—Vyc/2) side, with
midpoint as grounded (O). The each converter leg consists
of two arms as upper and lower, each arm consists of series
connected in N number of SM, where each SM consist of
switching devices and floating capacitor. The arm inductor
connected in between each arm of the converter, reduces the
circulating current. The circulating current flows in each arm
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is due to the occurrence of high frequency DC component
which flows during each switching operation.

+ 5 >
lde
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FIGURE 1. Schematic arrangement of MMC.

The desired three phase output is taken from midpoint of
the converter through load resistance and inductor. Generally
the sizing of MMC mostly depends upon the selection of
appropriate arm inductor, floating capacitor, number of SM
and power devices. The Half Bridge SM (HB-SM) shown in
figure 2, is used as an appropriate SM topology for MMC.
The HB-SM consists of two switching devices (T & T2) and
afloating capacitor (C). Each of the switching devices is inter-
connected with an antiparallel diode (D; & D»). However,
switching operation of the power devices primarily depends
upon the arm current (iay) flowing in the converter. The
HB-SM generates two level output that is, 0 and +V, based
on four modes of operation such as charging, discharging and
two bypass.

FIGURE 2. Single SM of half bridge topology.

The overall operating modes of HB-SM with arm current
direction and switching state is illustrated in Table 1. During
charging mode, the diode D will be forward bias and charges
the capacitor C, arm current (izrm >0) flows from input source
Vs, Dy, C to negative of Vg. Likewise in discharging mode,
the switch T will be forward bias and discharges the capaci-
tor voltage (V¢), arm current (iam <0) flows through negative
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of Vg, C, T to positive of Vg. In bypass mode, the switch T,
will be forward bias and bypass the input Vg, generates zero
voltage as an output, which is described in Table 1.

TABLE 1. Sequence of single half bridge.

Switch Arm  Direction Capacitor  Capacitor

Status Current of L Mode Voltage
T, off, T, off Tarm>0 D &C Charging Increases
T, on, T; off Tarm>0 T, Bypass Constant
T, off, T) on Tarm<O0 T, & C Discharging  Decreases
T, on, T; off Tarm<O0 D, Bypass Constant

B. MATHEMATICAL MODEL
The study of dynamic and steady state behavior of the
converter can be evaluated by modelling each and every
parameter into a simplified model, which reduces the compu-
tational time and system complexity. There are many different
approaches which are used for modelling the MMC parame-
ters. In that phasor control model, equivalent circuit model
and simulation model are most widely used, as illustrated
by [33]. Compared to several different models, the equiva-
lent circuit model is most feasible and simple technique for
reliable operation of the MMC. The equivalent circuit model
has several advantages compared to other techniques such as
easy in converting the control variables, takes less computa-
tional time and can be easily converted to decoupled models
[34], [35]. The figure 3 depicts, the single stage equivalent
circuit model of MMC. However, only single phase are con-
sidered for modelling purposes, the same can be applicable
for the other two phases of the MMC. It consists of controlled
voltage sources, arm and load resistance, arm inductor and
load. The N number of SM capacitor voltages are converted
into a controlled voltage sources (Vyg, Vis). The arm and load
resistance (Ry,, Ria & Roy) are generally a negligible value,
which is used to determine the power loss in the converter.
The arm inductor (Ly; & Lj;) are used to limit the instan-
taneous change in arm current flowing in each arm during
switching function. The input DC supply is split into positive
(+Vac/2) and negative (—V4./2) supply, using the ground ter-
minal (O) connected at the midpoint. The upper arm voltage
is obtained from +Vg./2 to the ground terminal, similarly
lower arm voltage can be determined from —V4c/2 to O. The
controlled voltage sources (Vyg) is nothing but a cumulative
capacitor voltage of total number of SM connected in upper
arm, whereas the Voltage source (Vis) is cumulative output of
lower arm. The current flowing in each arm primarily depends
upon the input DC current, phase current and the circulating
current, which is obtained by,

I i
iy = Wit (M
w o by | lde
lfv = l)rcrzc - ?m 76 (@)
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FIGURE 3. Single stage equivalent circuit model.

where, for YxePhase R, Y & B. The circulating current can
be determined by,

X Ly X b
Ine = 5 [lus + lls] - ? 3)
i = [fus — ] 4)

The load current is determined by differentiating iy &ij. The
dynamic voltage behavior of the upper and lower voltage are
determined by,

[ VDC _ Llfld (l;s) — R + L())Cad (iga)
Vis=1 2 dt ua'us dt ®
| RS, + Vi a? + b?
Ve _ Lfld (iiv) R 4 L())Cad (l)(;a)
Vi=1| 2 dt lals dt Q)
| RS it + Ve

Substituting the value of upper and lower arm current from
equation (5) & (6) and by differentiating the equation,

Vx _Vx
V) s, i+ )

_L();ad (iis + l?s)
2dt

By substituting equation (4) in (7), the output voltage can be
rewritten as,

(VE = Vi) ) L dif
Vo= |: = ) > _R();al)(;a - ;d[ “ ®)

Ve = )

Similarly, if the converter is connected to the grid con-
nected system, the common mode voltage (V7 ) will be
considered for obtaining the output voltage. Hence the equa-
tion (8) can be reformed as,

|:(Vlfs B Vl);) RE & L())Cadi)(ga

Vi=
2 0a*0a 2 dt

a

+ mej| C)
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Apart from the circulating current, output voltage and capac-
itor ripple voltage plays an important factor for reliable oper-
ation of MMC. Hence the dynamic condition of circulating
current and ripple voltage have to be considered for equiva-
lent circuit model. The circulating current can be determined
by substituting the equation (3) in (7) and differentiating,
o [YVE s Y0] g
[ 2L, 2 Oame T g (10
In the same way, if the common mode current (i,,) (if
applicable) are considered, it can be obtained by,

(V= Vi) oy e

mc

dt

us

X 0

dlcm — 6L())Ca ¢ dt (11
dt R()i)(;a X
BT

The capacitor ripple voltage of each (upper and lower) arm
can be determined by,

Wi _Vwisy [ i
oo 2 s |y ey lde 12
di NC [3+’”’C+2} 12)
Wit _ Vxif [ i i 03
i~ NC |™T 3T

Hence the dynamic behavior of MMC are modelled based on
the single stage equivalent circuit model, which eventually
reduces the computational time and control complexity. Apart
from this, it also helps in reducing system complexity when
subjected to increase in number of voltage levels and also for
the grid connected system.

Ill. PROPOSED ENHANCED VOLTAGE SORTING (EVS)
ALGORITHM

A. PULSE WIDTH MODULATION (PWM) TECHNIQUE

The pulse signals required for switching the power devices
are generated based on the modulation techniques. There
are different PWM schemes available, in that, multi carrier
based PWM techniques are most widely used for MMC. The
multi carrier techniques splits into two types based on the
carrier arrangement such as Level Shift carrier PWM and
Phase Shift carrier PWM. The Phase Shift carrier technique
is used to generate multiple triangular signals based on phase
shifting, whereas the level shift carrier technique generates
signals based on the level shifting with the reference signal
(sinusoidal). The level shift PWM technique again splits into
three types such as: phase disposition, alternate phase opposi-
tion disposition and phase opposition disposition. The phase
disposition (PD) based Level Shift carrier is used as a modu-
lating technique for the proposed EVS algorithm. The effec-
tive performances of the proposed method is implemented by
selecting the number of SM as 4 (N=4). The level shifting
PWM techniques generates 2N+-1 voltage levels for each leg
of the converter. The number of level can be determined by,

N; =2Nsy + 1 (14)

The generation of modulating signal for either single leg or
three leg of the MMC are evaluated based on the open and
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closed loop control approach. Apart from this, many different
modulating approach have been proposed based on the appli-
cation such as d/q synchronous reference frame approach
for decoupled current model [36], decoupled average sample
based modulating techniques for wide power range applica-
tions [16], active power decoupling method [31] and field and
vector oriented control for variable speed motor drive applica-
tion [6]. These modulating approach have unique advantage
when compared to the conventional method. In this paper,
an open loop modulating signal methodology is used for
generating the gate pulses to the proposed EVS algorithm,
which is quite simple and takes less computational time for
processing. Apart from this, the proposed EVS algorithm
is tested with simple passive loading conditions, hence an
open loop modulating signal approach has been far better for
the comparative analysis. The reference voltage signals for
comparing both arm voltage can be determined by,

Va .
Vil = TC — Vi sin (1)
Va .
vyl = 5+ Vansin (@1) (15)

where, V,n refers to amplitude voltage, which can be
obtained by,

Vam =M x 7 (16)

where M— Modulation Index of range between 0 < M < 1.
By substituting the equation (16) in (15) the upper and lower
reference voltage for modulating methods are determined by,

Vae

vid = - - * sin w?)]
. Ve )
V,;‘f - 7‘ [1+ (M *sinwt)] (17)

The (15), (16) and (17) depicts the reference voltage gener-
ated for upper and arm voltage of converter. The modulat-
ing signal methodology applicable for single converter leg
[i.e. the same can be applicable for other two phases of the
converter leg except the @ has to be changed into +27/3]
of MMC are depicted in figure 4. This approach is suitable
for any type of multi carrier PWM techniques. At first, the
comparison of reference signal with carrier signals are done
using logical comparator method, which generates switching
signals (R). The obtained Rg are once again compared with
Carrier Rotation (CR) signal (as proposed in [37]), which are
referred as divided signal (Dg). This Dg pulse signal is split
into two ways, upper arm (D to D4) and lower arm (D5 to
Dg) signals. The obtained upper and lower arm signals are
manipulated with weighting factor (Ag,) [24] to determine
desired Cumulative Signal (Cg) for the converter.

Henceforth, the obtained signal from the modulating
method are provided as input to the proposed EVS algo-
rithm. These various switching operation in modulating sig-
nal methodology are shown in Table 2.
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TABLE 2. Switching function methodology.

Sorting of Switching
Signal Carrier Cs
Upper Lower Signal Upper Lower
Ry>CR=D; R,>CR=Ds Di>ha=Csi Ds>A=Css
Ry>CR=D, Ry»>CR=Ds SWI ® D> a=Cs2  De>han=Css
w8
Ry>CR=D; R.,;>CR=D; D>Aa=Css  D7>Aa=Cs7
Ry>CR= Dy Ruw>CR=Dg Dhn=Css  Dg>A=Css

B. PROPOSED EVS ALGORITHM

The balancing of each SM floating capacitor plays a key fac-
tor for safe, reliable and dynamic operations of MMC. How-
ever, balancing the capacitor voltage primarily depends upon
the sorting of capacitor voltage (charging and discharging),
which eventually based on direction of the arm current (iarm ).
However, the arm current decides the minimum (iym<0)
and maximum (iyrym >0) number of voltage to be inserted for
balancing the capacitor voltage in each SM. Many different
voltage sorting algorithms have been proposed based on the
selection of number of SM to be inserted for balancing the
capacitor [17], [20]. Though they have unique advantages
compared to the conventional method, it causes more com-
plexity when the number of SM are increased. Apart from
this, it increases the capacitor voltage ripple, circulating cur-
rent during dynamic loading conditions and also affects the
harmonic performances.

Furthermore, some of the balancing algorithm [22] affects
the stability of the converter, when the number of voltage
levels are increased. Apart from this, the capacitor voltage
balancing based on the modulating strategies are applicable to
a certain level [28]. Hence the selection of voltage balancing
algorithm primarily focused upon the simplified control tech-
niques, safe and reliable operation, less computational time,
control complexity, proper modulating strategy and redun-
dant switching operation. Based on the above mentioned
features, an Enhanced Voltage Sorting (EVS) Algorithm is
proposed for balancing the capacitor voltage of MMC. The
proposed techniques consists of both modulating strategy (for
pulse generation) and capacitor balancing algorithm. As dis-
cussed on the previous section, the floating capacitor in each
SM cannot be balanced using the modulation methods as
shown in figure 4, because it is primarily used only for pulse
generation and doesn’t consider the SM capacitor voltage.
The concept of EVS algorithm is illustrated in detail as a
flowchart in figure 5.

Initially, each input parameters required for the selection
of number of SM is measured before starting of the voltage
balancing process. The selection of each upper and lower arm
SM capacitor voltage is measured based on the direction of
the iym as depicted in the Table 1. The switching signals for
each SM capacitor is obtained by modulating methodology
as described in figure 4 and Table 2. The sorting of each
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o

FIGURE 4. Modulating signal methodology for single converter leg of MMC.

Initialize input parameters

Sorting of Capacitor Voltage
as per [23]

No

[ HeA (imp-1-C5)* (Use*imin) TK] ]

FIGURE 5. Flow chart of enhanced voltage sorting (EVS) algorithm.

capacitor voltage (V¢pn) by ascending order are evaluated
based on the method proposed by [23]. Eventually by compar-
ing the Dg with the Agy, the Cg signal are obtained for the next
stage of balancing algorithm. Arm current (izrm) flowing in
each SM is measured based upon the minimum and maximum
values (i.e. Charging and discharging state of capacitor) and
are analyzed for selection process. When the iy, 1S maximum
(=0), highest voltage from the SM is obtained in the output.
Likewise, if i3rm 1S minimum (<0), lowest voltage is inserted
to the SM. At first stage, thus the selection of actual capacitor
voltage are determined by manipulating hybrid state (Hs)
condition, based on i,y direction, sorted capacitor voltage
and Cumulative Signal (Cg). The hybrid state (Hs) condition
are determined by,

H; = [(Iimp +1- CS) * (Use * Imax) + K1 (13)
H; = [(]imp -1- CS) * (Use * imin) + K] (19)
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where Iimp represents the implicit random number and Us.
refers the actual capacitor voltage. The implicit random num-
ber (imp) € {1,2,3...... , N+1, NJ as proposed by [19].
Hence the equation (18) and (19) represents the hybrid state
condition of actual capacitor voltage of the converter. Thus
the obtained Hg signals are again compared with modulation
index (M), total number of SM (Ngyp) selected with the Cg,
which generates dynamic implicit number (Ry,).

Hg > [(M * Ngy) — Cs] (20)

The Ry, used to control the arm voltage of the MMC
during steady state as well as dynamic conditions. Thus the
obtained dynamic implicit values are again compared with
the switching logic state signals (G},).

Gy = |:a)a + (Ts * k) * 1:—0)] 21

where, w, = 2nf and Ty refers to sampling time period.
The variables applicable for modelling the proposed EVS
algorithm are described briefly in nomenclature (Table 3).
Based on the comparison, the gate pulse (Sgs) required for
switching the power devices in each SM is manipulated
by comparing Ry, with (21). The gate pulse obtained from
the final stage of the voltage balancing algorithm are eval-
uated using the switching logic state signals. If the com-
pared gate pulse causes any overlap, the voltage balancing
algorithm will modify gate pulse by reshuffling the switch-
ing logic state signals, and generates a new control vari-
ables to the switching devices, otherwise it doesn’t change
with the present switching condition. In spite of several
advantages, there are some shortcomings related to pro-
posed EVS algorithm, such as DC fault handling capability
(required additional redundant SM), small amount of dis-
turbances (voltage spike) created during transient condition
and required separate controller for mitigating common mode
voltage (for grid connected system and variable speed drives
application).
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DC Transmission

Station 1 ine Station 2 )
AC Grid S
o
() -
Rs=1.5% =1.5%
A A Xs=15% DSOC;:“ Xe=15% A A
400/333 kV MMC 1 R=0.01 Q'km MMC 2 333/400 kV
R=0.5% & X=1.5% R=0.5% & X=1.5%
FIGURE 6. MMC based HVDC system.
TABLE 3. Nomenclature.
Variables Description Variables Description
farm Arm Current L, L, Arm inductance of each phase
Vs, Vis Controlled voltage Source R,fa,R;; Resistance of upper and lower arm
i[: < Upper arm current flowing in each phase Ryas Loa Load resistance and inductance
Asn Weighting Factor VJ;f s Vl;ef . Upper and lower arm reference voltage
i:w Circulating current 04 Load current of each phase
I Input DC current 124 Load voltage of each phase
X px X Ripple voltage of upper and lower arm of
iy Phase current pu > Vrp[ cach phase.
i Za load current of each phase Timp Implicit Random numbers
V,jg,Vlf: Upper and lower arm voltage of each phase Use Actual capacitor voltage
Vbe Input DC supply Hs Hybrid State
Cs Cumulative Signal M Modulation Index
K Delay Constant Gy Switching Logic State Signal
o, Angular Displacement Vim Common Mode Voltage
yb i b Grid side voltage and current v b > by Converter side voltage and current
Rg Source Resistance imax > imin Maximum and Minimum Current

C. MMC-BASED HVDC SYSTEM

The proposed EVS algorithm based MMC are verified by
implementing in HVDC transmission system, which are
shown in figure 6. It consists of two converter station (station
1 and 2), AC grid, DC transmission cable, two transformer
one is step down transformer at station 1 and other is step up
transformer connected at station 2. The complete rating of the
each parameters connected in HVDC systems are illustrated
in figure 6. The main control function of HVDC includes real
and reactive power, DC side voltage, grid side AC voltage and
current. Generally for HVDC system, vector control strategy
are most preferred control techniques for AC and DC side.
These types of control strategy requires a separate voltage
balancing algorithm to measure the capacitor voltage, arm
voltage, circulating current etc. Hence the proposed EVS
algorithm are implemented with vector control strategy as
proposed by [23], without any modification, because of its
simple and reliable control function, takes less computational
time and performances better when subjected to any dynamic
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changes occurred in the system. The AC side voltage can be
determined by,

diryp
Vb —vpt = [(0.5 * Ry) — <L7>:| (22)
irgp = [(1.5 * Rg) — (ijgb) T (LL * Vg’ybﬂ
Oa
(23)

Similarly the real and reactive power are obtained by,

Py = 15 (VPP 3) (24)

Oy = 1.5 % (V;’Y” x iwb> (25)

The (22) to (25) are the major control parameters for
the proposed EVS algorithm for the HVDC system. One of
the major advantages of vector control strategy is that, they
perform quite well in dq frame instead of abc synchronization
frame when compared to the other controller. It is mostly
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multi-variant controller, which can be able to control two or
more inputs and outputs. Hence these control strategies are
most suitable for open and closed control approach for HVDC
system study.

IV. SIMULATION AND REAL TIME HARDWARE STUDY
The performances of the EVS algorithm are verified using
MATLAB simulation software and also using real time hard-
ware prototype. The simulation study involves two cate-
gories, one is testing the EVS method with variable load
conditions and other one is implementing in the HVDC trans-
mission system study. Thus the widespread robust perfor-
mances results are discussed in below sections.

A. SIMULATION STUDY

The proposed voltage sorting algorithm are validated using
MATLAB simulation software and the designed values appli-
cable for simulation studies of MMC are illustrated in Table 4.
The performances of the proposed algorithm using Half
Bridge as SM topologies are validated by applying the param-
eters values (shown in Table 4) to the converter (figure 1).
Since the number of SM selected for each arm is 4, the
capacitor voltage of each SM is charged and discharged at
25% of the input voltage. Apart from this, the values required
for arm inductor, floating capacitor and load parameters are
illustrated in Table 4. The gate pulse signals required for
the voltage balancing algorithm are obtained from PD-PWM
technique (shown in figure 4) and the switching frequency
for the carrier signals are taken as 2 kHz. Furthermore, the
dynamic performances of the proposed balancing techniques
are analyzed with conventional method and also tested with
variable load conditions.

FIGURE 7. Load voltage and current waveform of the proposed balancing
algorithm.

The line voltage and current waveform of the EVS algo-
rithm is illustrated in figure 7. From figure 7, it clearly
indicates that, the three phase output voltage and current
of the MMC are evenly balanced based on the proposed
method without any distortion, and also with less ripple
voltage. Based on the load resistance and inductance value
(Table 4), the load voltage are balanced to 2.5 kV per level in
each arm of the converter. The detailed output characteristics
of three phase voltage are indicated at the time interval of
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FIGURE 8. SM upper and lower capacitor voltage (N=4/arm).

0.32 to 0.42s, similarly for three phase current is indicated
at 0.66 to 0.78s. The SM floating capacitor voltage for upper
and lower arm of phase R is illustrated in figure 8. Thus from
figure 8, capacitor voltage of each SM is evenly balanced
based on the proper switching pattern obtained from the EVS
algorithm. Each capacitor is balanced at 25% of the rated
voltage (i.e. is 2.5kV) and with 4.2% of ripple voltage.

L0000
:}suuu
0

0.1 0.15 0.2 0.25 03 (a) 0.35 0.4 time (s) 0.45 0.5

0.15 0.2 0.25 03 (b) 0.3s 04 time(s) 045 s

0.1 0.1s 02 025 03 @© 035 0.4 time(s) 0.45 05

FIGURE 9. Voltage waveform of phase R (a) upper arm voltage (Vyp),
(b) lower arm voltage (Vjp) and (c) line voltage and current (V &1;).

1000
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035 (b)

FIGURE 10. Current waveform of phase R (a) arm current, (b) circulating
current.

Similarly, the each arm voltage of the MMC is depicted
in figure 9, which also indicates the superior and steady
state performance of the EVS algorithm. The upper and
lower arm voltage (Vya & Vi) of Phase R is depicted in
figure 9 (a) & (b). Furthermore, the combined load voltage
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FIGURE 11. Output voltage comparison of proposed method versus
conventional method.

(VLp) and current (Iy) characteristics of Phase R is illustrated
in figure 9 (c). Apart from this, the arm current and circulating
current of phase R are depicted in figure 10. It consist of
less harmonic components presents in the peak to peak of
the arm current [figure 10 (a)] and also circulating current
[figure 10 (b)] flowing in each converter leg are suppressed
at an permissible limit. Hence from figure 8 to 10 illustrates
the performances of the EVS algorithm for the MMC, during
fixed load conditions.

6
Conventional method
E 5 = Proposed EVS Method
=
o
E
=
=3
=2
=2
3
9
=
=1
0
5 10 15 20 25 30
Number of SM
(a)
160
140 === Conventional Method
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X120
L
= 100
os)
= 80
g |
g) 60 |
)
4 40
20
0 |
0.2 0.4 0.6 0.8 0.9
Modulation Index

(b)

FIGURE 12. Comparative analysis of proposed method versus
conventional method (a) Execution time and (b) Voltage THD (%).

These individual characteristic waveforms proves the supe-
rior performances of the proposed method in terms of reduc-
ing the capacitor ripple voltage, suppressing the circulating
current, reliable operation when subjected to increase in SM
voltage level, superior harmonic performances and equal
reverse blocking voltage. Figure 11 illustrates the output
voltage comparison between the conventional method and the
proposed method. Initially, the converter is simulated with
the conventional balancing method during the time interval
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TABLE 4. Simulation and experimental parameters.

Parameters Simulation Experiment
DC Voltage 11kV 400 V
Capacitance (C) 836 uf 73 pf
Arm Inductance (L) 8.5 mH 2.6 mH
Arm Resistance (R;) 0.1Q 0.1Q
Number of SM 4 4
Load Resistance (Ro) 18Q 72Q
Load Inductance (Lo) 40 mH 4.92 mH
Freii”;“f;‘z%w) 2KHz 2KHz

of 0 to 0.16 s and then switched on to the proposed method
with constant load condition. Compared to conventional, the
EVS algorithm has less distorted voltage waveform, and
also doesn’t diverge from the nominal value. Similarly, the
figure 12 illustrates the comparative analysis of proposed
method with conventional method in terms of execution time
and also the Voltage Total Harmonics Distortion (THD). The
figure 12 (a) describes the characteristics relation between
execution time and the number of SM. Similarly, figure 12 (b)
illustrates the comparison between modulation index with
respect to the voltage THD (%). These comparative analysis
once again proves the effective performances of the proposed
method with traditional algorithm.

Load increasedto 75%

004 006 008 01 012 014 006 018 02 022 024
x10* @) time (s)

0.25 time(s) 0.3

FIGURE 13. Dynamic variation (a) Load Voltage and (b) Load Current.

To verify the stability and reliable operation, the con-
verter has to be tested with dynamic load condition, which
is depicted in figure 13. During the dynamic load condition,
the proposed voltage balancing method yields better results in
terms of output current characteristics [shown in figure 13 (a)]
and output voltage [shown in figure 13 (b)]. Furthermore, the
proposed method performances are validated using variable
load condition. Initially, at O to 0.05s the converter is tested
with 25% of the rated load, and then it is increased to 50%
(0.06 to 0.16s) and 75% (0.16 to 0.22s) load condition, which
is depicted in figure 13. Similarly by varying the load, the
performance of capacitor voltage of each SM is also analyzed
and depicted in figure 14.
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FIGURE 14. Capacitor voltage condition.

Figure 14 illustrates that, in spite of dynamic changes in the
load current, SM capacitor is charged and discharged at equal
amount of time without any external disturbances. When
the load current increases to 50% and 75%, the capacitor
ripple voltage are slightly increased to 5.43% and 6.82%,
respectively. Therefore, the proposed enhanced voltage sort-
ing algorithm has superior performances when subjected to
fixed load conditions and dynamic load conditions. Apart
from this, the performances of capacitor ripple voltage and
circulating current are far better compared to the conventional
method.

B. HVDC SYSTEM STUDY

The circuit parameters used for the HVDC system study
are illustrated in figure 6 and Table 5. The AC side grid
voltage, real and reactive power of station 1 are controlled
by MMC 1 and similarly DC link voltage, real and reactive
power are controlled by MMC 2. The validation of dynamic
performance of the system can be attained by implying a step
change in the reference values of grid voltage and power.

E. e .
0 1 2 3 4 5 @ 6 7 8 9 10

FIGURE 15. (a) Real power of station 1 (Pg), (b) Reactive power
of station 1 (Qg), (c) Real power of station 2 (P5) and (d) Reactive
power of station 2 (QS).

The step change in the reference of values of real and
reactive power (P&Q) are applied at two time variation,
one at 4.3 s and another one at 5.3 s, which is shown in
figure 15. Initially, at 4.3 s, the real power of station 1 and
2 are distorted at short duration and attains steady state in
short span of time [shown in figure 15 (a) & (c)], whereas
the reactive power station 1 and 2 takes much time to deviate
from the disturbances and attains its steady state, which are
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FIGURE 16. AC grid voltage and current waveform (a) primary side
voltage (VP) (b) primary side current (IP) of station 1, (c) secondary side
voltage (VS) (d) secondary side current (IS) of station 2.
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FIGURE 17. (a) Capacitor voltage of SM (Vcp), (b) upper arm current
(lau) and (c) lower arm current (1) of phase R.

shown in figure 15 (b) & (d). The small distortion at 1.3 s in
figure 15 (b) & (d) due to transient occurred during breaker
switching operation. Similarly, the same step changes are
applied to the reference values of real and reactive power at
5.3 s and performs better compared to the first step. Thus from
figure 15 concludes that, the real and reactive power recovers
towards the stable conditions at short interval of time in spite
of large disturbances.

TABLE 5. Simulation parameters for HVDC system.

Parameters Simulation
Power 1000 MVA
Grid Voltage 400 kV
Transformer rating at Stationl 400/333kV
Transformer rating at Station 2 333/400 kV
DC link Voltage 640 kV
Number of SM 50
Arm Inductance 40 mH
Frequency 50 Hz
Arm Capacitance 15 mF
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The figure 16 illustrates the AC side grid voltage and
current of station 1 and 2. The figure 16 (a) & (b)
describes primary side grid AC voltage and current, similarly
figure 16 (c) & (d) denotes secondary side of grid AC voltage
and current. The primary side of grid voltage and current
attains stability in spite of large disturbances occurred, this
shows the effective performances of EVS algorithm and vec-
tor controller in obtaining fast response during large distur-
bances without affecting the system stability. Likewise the
performances of each SM capacitor voltage is balanced prop-
erly to their nominal values during steady state and dynamic
responses and ripple voltages are minimal, which are shown
in figure 17. The figure 17 illustrates the performances of
each SM capacitor voltage [figure 17 (a)], upper arm cur-
rent [figure 17 (b)] and lower arm current [figure 17 (c)]
of Phase R. Hence in spite of large disturbances occurred
in the system, the capacitor voltage ripple maintains to the
minimum values. The robust performances of proposed EVS
algorithm are analyzed using variable load conditions and
also with the HVDC system.

C. REAL TIME HARDWARE STUDY

The superior performances of the simulation study are val-
idated by low power hardware setup, which is illustrated in
figure 18 and the parameters used for designing the exper-
iment are depicted in Table 4. The effective performances
of MMC is based on the proposed method are validated
using half bridge as SM topology and the number of SM
selected is 4/arm. The number of triangular carrier signals
used for generating switching pulse for the power devices
are 4. The experimental setup consist of DC input sources,
controller, MMC, Digital signal Oscilloscope (DSO) and the
three phase load. The controller used in the experiment are
used for generating the desired pulse signal for MMC and also
for the signal conditioning. The pulse required for switching
the power devices are obtained using triangular carrier signal
[i.e. as discussed in the section IIT (A)].

j Three Phase
Load

FIGURE 18. Experimental setup.

Based on the triangular carrier arrangement, the maxi-
mum number of voltage levels generated at the output of
the converter will be nine level. The experimental setup are
designed in such a way that, the voltage level of the converter
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FIGURE 19. Three phase output waveform (a) Load Voltage and (b) Load
Current.

can be increased by just increasing the number of SM cas-
caded, without change in any control parameters. The three
phase line voltage and current waveform are represented in
figure 19. Figure 19 (a) illustrates the three phase line to
line voltage [200 V/div], which intimates that it is balanced
properly similar to that of the simulation output without any
external disturbances. Similarly, the line current [2 A/div] is
obtained nearer to sinusoidal signal without the presence of
harmonic components, shown in figure 19 (b).

/ i :|||'.u‘|'l{:u' Voli age [100 Vidiv]

lWEWMWMMWW%
BuEEaEITE
JWA, %t

.\ Line \'olra;pe and Current
FIGURE 20. Experimental results of SM capacitor voltage and line
components.

|
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Furthermore, the performances of capacitor voltage of each
SM is compared with line quantities of phase R is repre-
sented in figure 20. This shows that, the proposed sorting
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TABLE 6. Comparative study of different balancing method.

Voltage .
Ripple (%) Circulating Capacitor THD Control Total Losses
S.No 50% of 75% of current (%) Ripple (%) (%) Complexity (kW)
load load
[17] 8.8 10.6 <63 <7.23 8.32 High 3.65
[19], [21] 9.6 112 <76 <6.56 6.58 Low 4.1
[28] 11.67 12.0 <89 <5.92 7.32 High 4.8
[31], [36] 8.4 13.6 <8.63 <8.3 6.23 Moderate 3213
[EVS] 7.68 9.2 <63 <43 5.78 Low 2.78
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FIGURE 21. SM capacitor voltage of Phase R.
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FIGURE 22. Arm current and circulating current of Phase R.

algorithm yields better results compared to other voltage bal-
ancing techniques. Where the output line voltage and current
obtained for each phase is 200 V/div and similarly for each
capacitor voltage is 100 V/div. The arm (upper and lower)
SM floating capacitor voltage of Phase R is illustrated in
figure 21. From figure 21, it denotes that the charging and
discharging of each SM capacitor is obtained uniformly and
also the voltage balancing of each capacitor is achieved with
less voltage ripple in each phases of MMC. Similarly, the
circulating current and arm current characteristics of phase R
are depicted in figure 22. The arm current (upper and lower)
flowing in between source to load of phase R represents that,
the effect of DC components in AC output of the converter
is less. Furthermore, the upper and lower arm voltage of the

167500

™™

1200 Vidiv]

NS

e oy

FIGURE 23. Arm voltage (Vua&V|,) with the output voltage (Vg ) of
Phase R [200 V/div].

e
L

MMC are depicted in figure 23. Thus from the above results,
the enhanced voltage sorting algorithm has superior perfor-
mances in terms of balancing the capacitor voltage in each
SM, which henceforth reduces ripple voltage and suppresses
the circulating current within the permissible limit.

V. COMPARATIVE STUDY

The superior performances of the proposed voltage balanc-
ing algorithm are analyzed with different balancing algo-
rithm and the comparative results are depicted in Table 6.
For better understanding, the conduction and switching loss
of MMC are calculated for different power rating and
their performance characteristics are depicted in figure 24.
In figure 24 (a) & (b), compared to different voltage balanc-
ing methods, the proposed voltage balancing has better per-
formance in terms of conduction and switching loss. Apart
from this, comparative analysis of different balancing tech-
niques subjected to voltage ripple, circulating current, Total
harmonics distortion (THD), control complexity and total
loss are analyzed and the results are depicted in Table 6. The
voltage ripple are calculated by testing the different balancing
methods by two different load conditions such as 50% and
75%. Based on the analysis, the proposed sorting algorithm
yields the better performances compared to other algorithms.
Similarly, the same testing are performed to analyze circulat-
ing current, THD etc., and their performances are tabulated.
The comparative study of voltage ripple are analyzed in terms
of % because during the different load conditions the increase
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in the ripple voltage can be easily understood. Similarly, the
same can be analyzed for circulating current suppression.
Hence, from the comparative study, the proposed sorting
algorithm yield superior performances compared to other
voltage balancing techniques.
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FIGURE 24. Comparison of power loss (a) Conduction loss and
(b) Switching loss.

VI. CONCLUSION

Thus the paper illustrates the superior performances of
enhanced voltage sorting algorithm applicable to the modular
multilevel converter. Apart from the voltage balancing opera-
tion, the proposed method is used to reduce the ripple voltage
of the floating capacitor and also subdues the circulating
current to prescribed limit, which henceforth increases the
efficiency, stability, safe and reliable operation of MMC. The
proposed algorithm rectifies the SM capacitor issues by gen-
erating a pulse signal pattern based on modulation methodol-
ogy and the obtained signals are then compared with hybrid
state condition and dynamic implicit number variables from
the voltage sorting algorithm. This comparative process will
generate a dynamic switching signal which are henceforth
compared with switching logic state signals and generates
the desired switching signals for the power devices. Hence
by doing so, the capacitor voltage are balanced uniformly
during steady state as well as dynamic conditions. Likewise,
it also reduces the ripple voltage to a permissible limit and
suppresses the circulating current compared to the conven-
tional method. However, in future, the proposed EVS method
will be tested with DC fault handling capability, common
mode voltage issues and variable switching frequency per-
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formances. Thus the superior performances of the enhanced
voltage sorting algorithm are tested by variable load condi-
tions and HVDC system using MATLAB/Simulink software
and real time hardware prototype environment.
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