Electrotechnical Complexes and Systems. Power Electronics
UDC 621.314

doi: 10.20998/2074-272X.2018.6.03

G.G. Zhemerov, D.S. Krylov

CONCEPT OF CONSTRUCTION OF POWER CIRCUITS OF A MULTILEVEL
MODULAR CONVERTER AND ITS TRANSISTOR MODULES

Goal. The goal of the paper is to study the peculiarities of building power circuits of a modular multilevel converter (MMC) of
electrical energy for DC transmission lines, to investigate its operating principles and basic characteristics. Methodology. We
have applied the theory of electrical circuits and mathematical simulation in Matlab package. Results. A Matlab-model of the
MMC power circuit was constructed with shunting of all the shoulders by current sources, which made it possible to check the
correctness of the formulas for the characteristics of the proposed circuits. Originality. Variants of power circuits of MMC
with shunting of all shoulders of the converter by current sources are offered. The tables of states of HB and FB modules for
forward and backward direction of the current of the shoulders are made. Practical value. The use of the proposed structure
of the converter power circuit and the algorithms of operation of the power transistor modules will help to determine the scope
of their application, will help in the synthesis of the control system and analysis of possible emergency modes of the MMC.
References 8§, tables 8, figures 9.

Key words: power supply system, multilevel modular converter, transistor module, shoulder currents, Matlab model of three-
phase MMC, state of valves.

Ilenv. Ilenvio cmamou agnaemca ucciedo6anue 0coO0eHHOCmeEll ROCMPOEHUA CUNOGHIX Y enell MHO20YPOBHE8020 MOOYIbHOZ0
npeoopazosamenn (MMC) Inekmpodnepzuu 0as JUHULI IJIEKMPOnEPeOauu NOCHOAHHO20 MOKA, UCCe006aHUe €20
RPUHUUNOB PAdOmMbL U OCHOBHBIX Xapakmepucmuk. Memoouka. /{na npoeedenun uccined08anuil UCnOIb306414CH MEOPUS
INeKmpuuecKux yenei, mamemamuueckoe mooeauposanue ¢ naxkeme Matlab. Pesynomamor. Ilocmpoena Matlab-modens
cunosoii cxemvt MMC ¢ wiynmupoganuem ecex njied UCHIOYHUKAMU IMOKA, NO360JUGUIAA NPOGEPUMYL KOPPEKMHOCHb
dopmyn ona xapakmepucmux npeodnoxcennvix cxem. Hayunaa noseusna. Ilpeonoscenst eéapuanmut cunogvix cxem MMC ¢
WIYHIMUPOBaHUuem ecex niey npeoopaszosamensn ucmouynukamu moka. Cocmagnenvt maonuyst cocmoanuit HB u FB moodyneii
npu npamom u oopammuom nanpaenenuu mokoeé nned. IIpakmuueckoe 3nauenue. Hcnonvzoeanue npeonoiiceHHO
CIMPYKMYpbl CUN060I CXeMbl npeodpazoeamenn u aa20pUmMMO8 padomovl CUNOEHIX MPAH3UCHMOPHBIX MOOYJiell no380num
onpedenums cghepy ux NpuMeHeHUsA, NOMONcem 6 CUHIe3e CUCMEMbl YRPAGIEHUA U AHAAU3E GO3MOMNCHBIX ABAPUIIHBIX
pexcumos MMC. bubn. §, Taba. §, puc. 9.

Kniouesvie cnosa: cucreMa 371eKTPOCHAOKeHHs, MHOTOYPOBHEBbIi MOIY/IbHBLINH Npeodpa3oBaTe/b, TPAH3UCTOPHBINH MOAY.Ib,
TokH 1J1e4, Matlab-mopenn Tpexdaznoro MMC, cocTosinue BeHTUJIei.

Introduction. In recent years, powerful industrial Table 1
semiconductor converters of a new type — modular Off-shore wind power plants using MMC
multilevel converters, first proposed in [1, 2] by Wind | o o Voltage Cable State of
R. Marquarratt and A. Lesnicar in 2001, 2003, have | Power (MW) kv) length | Performer | " " o
gained wide industrial application. In numerous pl;mt_ (k) R
publications [3-8], the steady abbreviation MMC is used He ]W " 576 +250 130 | Siemens G lfce‘:ag(lﬁg}
for these converters. It should be noted the speed with -7 Testing in
which the MMS was developed, manufactured and put ] 800 +£640 | 165 ABB 2013
into commercial operation in DC power lines (HVDC).  |Borwin 200 300 | 200 | Siemens Testing in
The first HVDC system with MMC, developed by 2 2013
Siemens, connected the cities of Pittsburgh and San Sylwin 364 +320 | 205 | Siemens Operating
Francisco in California, USA [7] in November 2010. A 1 since 2014
DC cable is designed for 400 MW, £200 kV. Dolwin| 0 1640 | 135 upp | Operating

Tennet Off-Shore Wind Farm Complex, located in the Dolzwin since 2015
North Sea near the coast of Germany, implements several 3 900 +320 | 162 ABB No data

HVDC projects for wind power plants using MMC. Table 1

shows the characteristics of these projects [8].

In [7] information on the implementation of several
other projects using MMC, located in Europe and China
by Siemens, is presented.

However, despite the active introduction in the
world energy sector, in the domestic literature there is
practically no information about this type of converter,
the principles of its construction, the scope of application.

The goal of the work is to study the peculiarities of
building power circuits of a modular multilevel converter
(MMC) of electrical energy for DC transmission lines, to
investigate its  operating principles and Dbasic
characteristics.

The power circuit and the principle of operation
of MMC. Fig. 1 shows the power circuits, respectively, of
single-phase and three-phase MMC. As can be seen from
Fig. 1, the power circuit of the converter is powered by
two constant voltage sources. Three-phase MMC consists
of three single-phase MMC, operating independently of
each other. Common points of voltage sources and load,
Z;, are combined. The shoulders of the MMC power
circuit, — two shoulders in a single phase and six
shoulders in a three phase, — are a series connection of N
half-bridge HB modules or full-bridge FB modules,
shown in Fig. 1.
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Fig. 1. Power circuits of MMC

An equalization reactor L, is included in each
shoulder of the circuit. Voltage regulation on the load is
carried out by switching on a specified number of
modules and a predetermined algorithm of their operation.
In the steady-state operation mode of MMC, all six keys
conduct current at any time, and the total voltage in the
closed circuits shown in Fig. 1,a by the dotted line, at zero
equalizing current should be zero. Graphs of shoulder
voltages are shown in Fig. 2, they correspond to the
relations:

Uy U, .
U, =—2%-v-—%+.sing, 1
al 7 ) ()
U, U, .
U, =—%+y.-—%4.sin 3, 2
a2 B ) ()

where ¢ =27/t is the dimensionless time; f'is the voltage

frequency on the converter output; v is the relative load
voltage

V= Ulmax ) (3)
Uy/2
A _
Ug Uy =Uy
Ud

S Nl&q

e

Fig. 2. Voltages of the MMC shoulders

For three-phase MMC, the shoulder voltages are
determined from the relations:

Ud Ud . 2r
Uy =—4+—-v-—2%.sin| $—— . 4
b= 2 [ 3 J “4)
Ud Ud . 2r
Upy =—++v-—%-sin| $—— . 5
277 > ( 3 j (%)

. 4
Uy =ﬁ—v.U—2d.sm(9—T”], (6)

Ud . 4
U.n=—%4+y-—L.sin| $——|. 7
c2 ) [ 3j ()

Consider the dependence of the voltage on the load
u;, on the voltage of the shoulders u,; and u,,.

For the two closed circuits shown in Fig. 1,a by the
dotted line, the following relations are true:

iL0AD = la1 —la2 - 3
For the first circuit:
Uy, di,
-4y —L,—% —y; =0, 9
) al™*a dt L ()
or
di U
uy = —uy—L, —+ =L 10
L al™*a dt ) ( )
For the second circuit:
Uy diy
-4y L, —%+u; =0, 11
7 a2 ta dt L ( )
or
di U
uy =u ,+L, —4 =4 12
L a2 tq dt ) ( )

Summing up the left and right sides of equations
(10) and (12), we get

dli i
2uj, =ugy—ug—L, % . (13)
Taking into account (8), we convert (13):
uy = Ugp— Uyl +i_ diLOAD , (14)
2 2 dt
or
yy =Y tal oL, diposp , (15)
2 2 d9
In relations (14), (15) there is an inequality
Tpoap @ Ly <<Up max > (16)

which, under certain conditions, allows us to simplify the
relation (15)

u :—““2;’“1 : (17)
In the circuit of Fig. 1,a
U,
ULmaX:de. (18)

Assuming that u; is determined by (17), taking into
account (1) and (2), we obtain:

%-i-v%sing—%ﬂ/ﬁsing
uy = 2 2 2 2 _
2 . (19
Uy .
=y—=4sing
2

Fig. 3 shows the relative position of the voltage
curves of the shoulders and the load of phase a. The
voltages of phases b and ¢ are repeated in the form of the
voltage of phase a and are behind it, respectively, at
angles of 27/3 and 47/3.

In single-phase MMC, shoulder currents have two
components — a constant current /; and an alternating
sinusoidal current with an amplitude equal to half the
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amplitude of the load current /; .., . The dependencies

for shoulder currents are:

. 1 .
g1 =1y +EIL max -51n(9—(p), (20)

21

where ¢ is the phase angle between voltage and load
current.

. 1 .
la2 :Id _E[Lmax 'SIH(S_@)7
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Fig. 3. Graphs of current and voltages of phase a

In the three-phase MMC, the DC component of the
shoulder current will be one third of the current 7.

Note that the value of the current I, at U; = const
uniquely determines the rate of energy transfer from the
source to the load. At the same time, the average value of
the total energy in the module capacitors for the period of
repetition remains unchanged.

Fig. 4 shows the graphs of voltages and currents of
the shoulders and load in the repetition period. From Fig.
4 it follows that the amplitude of the load current must be
less than the current /;:

Ip max <1y, (22)

and the amplitude of the voltage on the load U; ., must

not exceed U,y/2:

U
UL max <" (23)
A
iLa /
0 f /8
T
20} IL max
4 =3
Cig |
Ii I I
3 iaZ
0 s 2

»

Fig. 4. Graphs of voltages and currents of shoulders and load
in the repetition period

At further analysis it is convenient to go to the
relative values of voltages and currents.

The basic values of voltages, currents and active
power of a three-phase converter:

Upase =Uq /2 > (24)

2
Thase :gld > (25)
FPouse =Uq 14 . (26)

From relations (3), (24) we find the relative value of
the amplitude of the sinusoid voltage on the load:

U _ UL max 2UL max v
Fmax Ubase Ud ’
and taking into account (25) — the relative value of the
amplitude of the current phase of the load:

_ 3 IL max
ILmax*__ -

2 1

Assuming that there are no losses in the MMC, we
can write a relation for the average active power at the
input and output of the three-phase MMC:

@7

(28)

Ug-1y= EIL maxU L max COS@ . (29)

Substituting in (29) Uj pmax from (27) and 1 .«

from (28), we obtain:
2=v-m-cosq. (30)
Relation (30) connects the relative values of voltage
vand the amplitude of the load current m.
In [3] it is recommended to set the range of change

of vwithin

0<p<1, @31)
at using the HB-modules and within
0<v<42, (32)

at using the FB-modules.

This recommendation can be explained by the
assumption of flattening of the output voltage curve in the
amplitude region. The sign of the modulus of v in
relations (31), (32) does not make sense, since, in
accordance with (27), the quantity is always positive.

The recommended value of the parameter m [3]:

m|>2, (33)
for both types of modules.

Possible theoretical values of the parameter m,

calculated as a function of the parameters v and cos¢g,

and by expression (30), are given in Table 2.

Mathematical modelling. In order to verify the
results obtained above, in the MatLab/Simulink software
environment a mathematical model of a three-phase
MMC, corresponding in its structure to Fig. 1,b, was
created. The view of the model is shown in Fig. 5.

The model consists of a power source U, a
capacitive divider Cy;—C,, to the midpoint of which a
common output of a three-phase active-inductive load
L A, L B, L C, connected to a star, is connected. The
shoulder voltages are set by adjustable AC voltage
sources U,~U,, Up—Up,, U..—U,, for each of the three
phases. The shoulder current shapes are set by adjustable
sources 1,1~ 5, Iy1—1y, 1.1—1 .2 with elements connected in
parallel with them that simulate the active and inductive
resistances of the shoulders of MMC. The Invertor block
generates the control task for the elements of the circuit.
Numerous oscilloscopes and digital displays allow to
control all the parameters of the model operation.
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Table 2

Parameter m values as a function of parameters v, cos,

COS P,y
1.0 0.9 0.8 0.7 0.5 0.4 0.3 0.2 0.1
|4
1.0 2.00 222 2.50 2.86 3.33 4.00 5.00 6.67 10.00 20.00
0.9 2.22 247 2.78 3.17 3.70 4.44 5.56 7.41 11.11 22.22
0.8 2.50 2.78 3.13 3.57 4.17 5.00 6.25 7.14 12.50 25.00
0.7 2.86 3.17 3.57 4.08 4.76 5.71 7.14 9.52 14.29 28.57
0.6 3.33 3.70 4.17 4.76 5.56 6.67 8.33 11.11 16.67 33.33
0.5 4.00 4.44 5.00 5.71 6.67 8.00 10.00 13.33 20.00 40.00
0.4 5.00 5.56 6.25 7.14 8.33 10.00 12.50 16.67 25.00 50.00
0.3 6.67 7.41 7.14 9.52 11.11 13.33 16.67 22.22 33.33 66.67
0.2 10.00 11.11 12.50 14.29 16.67 20.00 25.00 33.33 50.00 100.0
0.1 20.00 22.22 25.00 28.57 33.33 40.00 50.00 66.67 100.0 200.0
=k VLY,

5=2006%

powergui

CU_I .

= ud

In_a,|_La, Id

Istatord

RMS
(discrete)

Fig. 5. MatLab model of the three-phase MMC

The current and voltage sources are controlled in the
model in exact accordance with the MMC algorithm
described above. This concept of building a model allows
to check the validity of previously made assumptions
about the relationship of the main parameters in the
operation of the circuit without using models of specific
power modules and building a complex system of their
control and autoregulation.

During receipt of machine diagrams and
dependencies, the following values were taken in the
model: the average value of the supply voltage and input
current, respectively, U; = 1000 V, I,= 1000 4; active and
inductive resistance of the shoulder 1 m.2 and 10 uH;
active load resistance 0.632 (2 capacitance of the divider
capacitor 5 mF.

Fig. 6 shows machine diagrams of the voltage of the
power source U, and the voltage of the shoulders of the
phase ¢ for the operation mode v=I1, which fully

corresponds to the theoretical graphs shown in Fig. 2.

Fig. 7 shows machine diagrams of the load voltage
of phase ¢ and the voltages forming it for the operation
mode v = 0.8, which fully corresponds to the theoretical
graphs shown in Fig. 3.

Figure 8 shows machine diagrams of the current of
load and phase ¢ shoulders for the operation mode
v= 0.8. Comparison of Fig. 8 and Fig. 4 makes it
possible to verify the validity of the previously accepted
theoretical premises.

Also, the model of Fig. 5 allowed to check the MMC
operation with various combinations of parameters m, v
and cos¢,, confirming the validity of the values given in
Table 2 with an accuracy of two decimal places.

Characteristics of power modules. The use of a
concrete type of power transistor module does not affect
the overall concept of MMC operation, however, it affects
the features of building the control system and
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Fig. 8. Current of the phase c load and shoulders
autoregulation and also determines the possible With this in mind, there are three possible combinations

emergency modes in the operation of the circuit.
Therefore, we consider their operation in more detail.

a) Half-bridge HB module. The diagram of the half-
bridge HB module is shown in Fig.9,a. The current
through the module from the power supply can be either
positive (the direction of the positive current is shown in
Fig. 9,a) or negative. The voltage on the capacitor C is
always positive, so when the module is operating, the
transistors 77 and 72 cannot be opened at the same time.

of open state transistors for each direction of current i:
e both transistors are closed;
e transistor 7/ is on, transistor 72 is locked;
e transistor 72 is on, transistor 7/ is locked.

Consider the path of current flow, the voltage on the
capacitor and the value of the voltage at the input of the
module corresponding to the above combinations for
positive and negative currents, summarizing the result in
Table 3, 4.

30
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Fig. 9. Circuits of MMC power modules
Table 3

Voltage at the input and at the capacitor of the B module
at positive current >0

Combination | Transistors | Current | Capacitor Voltage at
the module
No. on path voltage .
input
in, DI, _
1.1 - C off charge Uy =Uc
in, D1, _
1.2 TI C off charge Uy =Uc
in, T1, | does not _
1.3 72 off change ;=0
Table 4

Voltage at the input and at the capacitor of the HB module
at negative current i<0

Combination | Transistors | Current | Capacitor Voltage at
the module
No. on path voltage .
input
2.1 _ off, D2, | does not ot
in change
off, C, . _
2.2 TI Tl in discharge Uy=Uc
2.3 ™ Oﬁf. D2, | does not =0
in change

From the analysis of Table 3, 4 it follows that the
capacitor can be charged only with positive current of the
module, and it can be discharged only with negative

In accordance with Table 5, in the case of >0, only
one combination of switching on transistors ensures the
discharge of a capacitor at u;,= —uc. Four combinations
provide the charge of the capacitor, another four — the
constant voltage on the capacitor.

Table 5
Voltage at the input and at the capacitor of the B module
at positive current >0

Combination | Transistors| Current | Capacitor Voltage at
the module
No. on path voltage .
nput
in, DI, _
3.1 - C, D4off charge U =Uc
in, DI, _
3.2 T1,T4 C. Ddoff charge U =Uc
in, T2, C,| .. _
33 T2, T3 73, off discharge | u;,=-uc
in, DI, | does not _
34 TI1, T3 73, off | change u;,=0
in, T2, | does not _
35 12, T4 D4, off | change ;=0
in, DI,
3.6 T C, D4, charge U =uUc
off
in, T2, | does not _
3.7 2 D4, off | change tin=0
in, D1, | does not _
38 3 T3, off | change tin=0
in, DI,
3.9 T4 C, D4, charge U =uUc
off

Consider the case when i<0. From Table 6 it follows
that at /<0, only one combination ensures the discharge of
the capacitor at u;,= +uc, four combinations ensure the
charge of the capacitor at u;,= -uc, four more
combinations ensure that the voltage on the capacitor
remains constant at u;,= 0. The analysis data are given in
Table 7, 8.

Table 6

current of the module. Moreover, there are two Voltage at the input and at the capacitor of the B module
combinations that ensure the charge of the capacitor and at negative current i<0
only one combination corresponding to the discharge. Combination | Transistors| Current | Capacitor Voltage at
b) Full-bridge FB module. No. on path voltage the module
In the circuit of the bridge module shown in Fig. 9,5, mnput
pairs of transistors 7/, 72 and 73, T4 cannot be 4.1 - gﬁlf)?Sm charge U= — Uc
simultaneously on. Therefore, there are nine possible o 7 7
combinations of on transistors for each of the two 42 TLT4 | o'y i | discharge | un=uc
directions of current i. off D3
e all transistors are locked; 43 12,13 C{sz, in| charge | u=—uc
e a pair of transistors 7/, 72 is on; 44 71 T3 off, D3, | does not =0
e a pair of transistors 72, T3 is on; ' T1 in_| change "
e transistors 77, T3 are on; 45 T2, T4 Og; 4, d(Les not Uy=0
e transistors 72, T4 are on; off Dlz ;O:Snfgt
e transistor 77/ is on, the rest are closed; 4.6 Tl Tl in change Uin=0
e transistor 72 is on, the rest are closed; off, D3, B
e transistor 73 is on, the rest are closed; 4.7 2 C D2, in charge | u;,=-uc
e transistor 74 is on, the rest are closed. off, D3, o
Consider the operation of the circuit at a positive 48 T3 ¢, D2 in charge | =t
current (> 0). The result of the analysis is summarized in 4.9 T4 off, 4, does not u. =0
Table 5. D2, in change "
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The data of Table 3-8 can be used in the synthesis of
the control system and for the analysis of possible
emergency conditions in the MMC modules.

Since the current i is generated by the current
source, the open circuit inside the module is most
dangerous. In the HB modules (Fig. 9,a), when the 72
transistor is closed, an open circuit in the current i flow
circuit will cause an arc, overvoltage on the 72 transistor
and the D2 diode with subsequent breakdown of one of
them.

of mathematical relationships describing the processes in
the steady state operation.

3. The characteristics of the full set of combinations of
states of transistors of half-bridge HB (six states) and full-
bridge FB (cighteen states) power modules are given,
which should be considered when synthesizing a control
system and analyzing emergency modes.
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can lead to burnout of the conductors (tracks) inside the
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Conclusions.

1. The concept of construction of a multi-level modular
converter (MMC) for DC transmission lines in power
engineering and powerful frequency-controlled electric
drive is considered.

2. Mathematical modeling in  MatLab/Simulink
software environment confirmed the validity of the
considered MMC operation algorithm and the correctness
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