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Abstract—The Modular Multilevel DC Converter is
an attractive non-isolated topology to inter- connect High
Voltage DC Links. This paper presents the interaction
among control, component design and efficiency of this
converter. The impact of the two degrees of freedom on
the design and the efficiency is analyzed.

NOMENCLATURE

The upper and lower arms are precised with the
subscript "u” and 1”.

P Reference power on low-voltage side

Csnru,Csapr Capacity of submodules

CtotusCror1 Equivalent capacity of arm

g Current on low-voltage side

Ldiff Differential current

Udif Vs Decoupled modulated voltages.

Vctotu,VCtotl  Yoltage of equivalent capacity of arm

Ny, N; Number of submodules in the arm

Thy> MY Number of active submodules in the arm

Vi yUmi Modulated voltages

w Pulsation of AC variables

0 Angle between isac and ig;ffac

% Angle between the AC components of v,
and — v,y

0, Anle between vsac and vgifrac

Ryrm Arm resistance

Larm Arm inductance

Rs, Ry Line resistance and inductance

WcZ Energy stored in the leg

wA Difference of energy stored between the

upper leg and the lower leg.

I. INTRODUCTION

Over the last decades, numerous HVDC links have
been put into service and many others are planned. To in-
crease their reliability and flexibility, DC multi-terminal
high voltage networks (MTDC) were proposed. As the
projects of HVDC links were not coordinated, there are
different technologies (LCC, VSC), configurations and
grounding scheme. Hence, bidirectional DC-DC convert-
ers will be needed for the interconnection. Due to the
high voltages, conventional DC-DC converters cannot be
employed. For this range of voltages, the main converters
are based on the modular multilevel converter [1], [2].
Within this group, the modular multilevel DC converter
(M2DC), showed in fig. 1, is a non-isolated topology
with a high potential. It is composed of at least two
legs of submodules interconnected between the two DC
grid [3]. submodules may be half-bridge or full-bridge
depending on the need of DC fault blocking capability.
As an asymmetrical monopolar converter, the M2DC can
be extended to bipolar operation by using two converters
: one with a positive voltage, the other with negative one.

Over the past 15 years, the original AC-DC MMC
converter has been the source of significant research.
Lately, it also has inspired various topologies for DC-
DC converters, for instance the MMC dual active bridge,
the auto dc-transformer or the M2DC. There are not
many studies on the latter. Some control challenges were
identified in [4]. [5], [6] offer partial studies on the
design and control of the M2DC. [7] proposes an explicit
control of all state variables of the converter to minimize
the circulating currents by using the degrees of freedom
of the control : the frequency and the angle. However,
lower currents does not necessarily mean less losses [8]
due to the nonlinear nature of converters. So, this paper
means to analyze the impact of these degree of freedom
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Fig. 1: Diagram of M2DC converter with three legs.

on the design of components and on the efficiency of the
converter.

First, the general principal of the M2DC are re-
minded. Secondly, a quasi-static analysis of one leg is
carried out. Thirdly, the interaction between the control
choices and the design is presented.

II. PRINCIPLE OF OPERATION OF M2DC AND
AVERAGE MODEL

This first part presents the operating principle of the
M2DC converter. The converter considered has three legs
as a classical AC-DC MMC. The analysis is the same
for each leg, so, it is only realized on one leg.

To begin, the DC power transfer is examined. Con-
sider Vpupos Ymipe, the DC components of the modu-
lated voltages and i,pc, t;pc the DC components of
the leg currents. If the losses in the resistances and
the conduction losses in the submodules are neglected,
UmuDC» UmlDCH» tuDC> Yipc can be expressed as in (1).

UmuDC = Udey, — Udes luDC = idcl

ey

UmiDC = Vde, UDC = tuDC — lsDC

Consider P, the power flowing through the legs from
the high-voltage side to the low-voltage side, then the DC
power of the upper and lower arms is given in (2).

Pupc = YmubDCtuDe = (1 - _ Ude2

with o =
Vdcl

2)

Ppc = Vmipciupc = (o —

As showed by the above equation, the DC power flowing
in the leg is opposite in each arm but more importantly it

is non-zero. So, the energy stored in the capacitors will
diverge. To avoid this, AC components are introduced in
the converter in order to nullify the average power of the
arms. SO v, and v,,; can be expressed as in (3).

Umu (t) = UmuDC + \/ivmuACCOS(Wt + vau)

3
Umi(t) = Vpupc + \/§leACCOS<U)t + Oymi)

The objective of the control is to generate the alter-
native component of the modulated voltages to stabilizes
the energy stored in the capacitor. As the three legs
are identical, the study will be carried out only for
one. Moreover, due to the numerous submodules in the
converter, the analysis is simplified using the average leg
model of fig. 2 [9]. The hypothesis for this approximation
is the proper operation of the capacitor voltage balancing
algorithm. This model is independent of the type of
submodules (half-bridge or full-bridge).

In the average leg model, the submodule stack is
represented by one equivalent capacitor alimented by a
perfect chopper. The capacitor voltage vcyo 1S the sum
of the submodules capacitor voltages. Its behaviour is
expressed in (4). The current going through this capacitor
is the modulated current ic;,; that comes from the
perfect chopper. The duty cycle is equal to the number
of activated submodules divided by the total number of
submodules. The modulated voltage of the arm v,,, is the
chopped voltage from vcyes. (5) summarized the relations
of the perfect chopper. The subscript j indicates the upper
or lower leg.

dvciot Csnj
C ! —ictor; With Cyor = J 4
tot dt Ctotj tot Nj ( )
Umgj = MjUCtot; . . n;
S I With mj = —- 5)
iCtotj = Myji; Nj

In this paper, in order to present the control and the
operating principal clearly, the capacitors values Cioty
and Cyoy are firstly supposed equal.

The average leg model of the M2DC contains four
independent state variables. The upper and lower equiv-
alent capacitor voltages (Vetoty, Vctorr) and two currents
(it can be the arm currents or one arm current and the
output current for example). Therefore, four controllers
are needed : one for each independent state variable.
Furthermore, it is reminded that the DC component
controls the power flow through the converter. That is
to say, it manages the input/output power. Meanwhile,
the AC component handles the stability of the stored
energy in the converter.



Vdey

s

Fig. 2: Equivalent average arm model.

III. QUASI-STATIC ANALYSIS OF ONE LEG
A. Instantaneous voltage and currents

In the first place, Kirchhoff describes the relations
among currents and voltages in the converter. As in the
MMC converter, this equations are coupled between state
variables. To uncouple the system, a change of variable is
necessary. The new variables for the control are defined
in (6).

Uma + Umi _
vdiff:% v, = vmu2 Uml ©
. Ty + 1 . . .
tdiff = u2 l ls = Ty — 1

With that new set of variables, the system can be
described with equations (7) and (8) for the DC com-
ponents.

v dig; )
(1261 = Larm%ff + Rarmzdiff + Vdif f (7)
v, di .
C;d — Vdc2 = Lsd7t8 + Rgis + vs (8)
L
with Ly = =% 4 L 9)

Similarly, the equations for the AC components are
(10) and (11).

dig; .
0= Larm%ff + Rarmzdiff + Vaiff (10)
.
0:L5£+Lsis+vs (11)

The current model of the M2DC is established. The
control loops are determined with the model inversion
principal as presented in [7]. The resulting currents and
voltages will be composed of a DC component and an
AC compopent as showed by (12)-(15).

idiff(t) =1i4iffDC + \@IdiffAccos(wt) (12)
is(t) = ispe + V2Iaccos(wt — 6) (13)
Vaifs(t) = vairrpe + V2Vaippaccos(wt + Ogipr)  (14)
vs(t) = vspo + V2Viaccos(wt — 0, + Oairr)  (15)

Each component must be defined to obtain the full
model of the converter. Using the superposition theorem,
the DC and AC components are controlled indepen-
dently.

B. Model of the DC components

Firstly, the DC components are studied. Consider
P the power injected on the low-voltage side. The the
output current of the leg is given in (16).

P

Vdc2

isDC = (16)
The resistances R, and R are quite small and can be
neglected. Hence, the current in the upper arm can be
expressed by (17)

P
Vdcl

Finally, i;pc and ig;ffpc are given in (18) and (19).
There are obtained combining (16), (17) and (6).

luDC = (17

. P
IpC = UdQ(Oé—l) (18)
idif fDC = ST (2 —1) (19)

The above equations and (1) define the whole DC
system.

C. Quasi-static model of AC components

Secondly, the analysis of AC quasi-static model. Let
Vimuac and Vi a0 be the complex associated with the
AC component of v,,,, and v,,,;. They can be expressed in
the complex plane as in (20).Let ¢ be the angle between
—Vinuac and Viac.

‘evmu
Vinuac = Vimiace’

Viiac = Viiace?®m (20)

p=m+ Ovmu — Gvmi

Vairracs Vsac, Laiprac and Isac are likely defined.
Moreover, the angle between V¢ rac and Viac and the




Fig. 3: Fresnel diagram of AC voltages.

angle between Iy; ¢ ac and Is4c are respecitbely defined
as 0, and 6.

Based on (6), VdiffACa VsACy IdiffAC and IsAC are
expressed by (21) and (22) (once again, the resistance
are neglected compared with the inductance).

Vinuac + Viiac

Vaifrac = 5 o
Vinuac — Vimiac
Vsac = 5
. 1
Ldif fAC = L Vaifrac
- arm
‘ 1 y (22)
7 = —
sAC jst sAC

Fig. 3 presents the Vector representation of the AC
voltages. Firstly, from (22), note that the angle 6 and
0, must be equal. Secondly, the angle ¢ is a degree of
freedom of the control. It impacts the magnitude of the
AC components. In order to highlight this relation, the
energetic model of the converter is established in the
next part.

D. Quasi-static model of the energy stored

Let W, and W, be the stored energy in the upper and
lower arm. The relations between them and the power is
given in (23) and (24).

aw, d (1 ) |
= - Ctotvctotu) = Umulu
. 1s
= (vaiff + vs)-(iaigy + 5)
awvi d (1 , ,

) 7
= (vaigy = vs)-(iaigs = 5)

Once again, the equations are coupled and a change
of variable is necessary. W*> and W* are the sum and

the difference of the upper and lower energy stored.
Their behavior is described by (25) and (26).

dw>  dW, dW,
= = 2 - ) 1 s .8 2
gt gt + gt Vdifflidiff + Usis  (25)
dwa  dw, dW . )
= — d = VUdiffls + QUdeiff (26)

dt dt dt

1) Model of the sum of energy W?*: Firstly, the
sum of energy is analysed by with its average over an
AC period. Indeed, controlling the instantaneous energy
would adversely affect the current wave generation. The
average sum of energy over an AC period (written as
(x)7) is given in (27). P* corresponds to the required
power to manage the sum of energy. During steady state,
this power must be null, so the input power is equal to
the output power.

AW 1
pPE = =9 o Pl——-1 27
< 7 >T Vdelldif fDC+ <2a ) (27)

The management of the sum of energy is the same
as in the MMC. Thus, it is not detailed in this paper.

2) Model of the difference of energy W*: Secondly,
the analysis is carried out for the difference of energies.
As showed by [7], the average value of WA can be
expressed as in (28).

pA <dWE>
it /.,

=2P(1—a)— 2LfWIsACIdiffACSin(‘9)

(28)

PA corresponds to the required power to manage the
difference of energy. In steady-state, it must be null. So,
the relation (29) is extracted.

(1-a)

Isacliiracsin(0) = (29)

L fw

With this last expression, the model of the converter
is fully described. With all the equations, it is possible
to express all electrical variables as a function of the
degree of freedom ¢ and w to understand the impact of
these on the design and the efficiency.

E. Expression of AC components according to ¢ and w

To begin, (29) revealed that the parameters L; and
¢/ impact the product Isaclg;ffac. In order to minimize
the latter, the angle 6 (and thus 6,,) must be equal to 90°.
From fig. 3, this condition fixes the amplitude V,,,ac
and V,,;ac as equal (30) since in a right triangle, the



median from the vectors of the right angle is half the
hypotenuse.

Vinuac = Viniac = Vimac (30)

Also from geometrical consideration, Vi ac and
Vaifrac can be deduced as (31) and (32).

Vaac = 2Vimaccos (%) 31

Vaifrac = 2Vimacsin (g) (32)
From (31), (32) and (22), the current ratio (33) can
be determined.

laigpac _ Ls tan (f)
Isac Larm 2
To continue, it is now possible to directly link the
module of the AC components in the converter with
¢ and w. The module of V,,4c (34) can be found by
combining, (22), (28) and (33),

(33)

P(1—a)(L2,,,+ 2L Larm)w
VMC:\/( )( tLarm)® 3

Lysin(yp)

If ¢ = 7/2, the modulated voltages will be the lowest
possible, so a limited number of submodules is required.
On the contrary, a smaller value of ¢ leads to a high
voltage and thus more submodules are necessary.

For the currents in the upper and lower arm, there
amplitude is given in (35). It is reminded that Iy ¢rac
and I are orthogonal. Therefore, I, a¢ and I;4¢ have
the same module [4¢ given in (36).

I
Iuac = laifrac + 5
(35)
I
Liac = |Laifrac — )
Liac\?
Thc =\ Taifrac)? + < 82 ) (36)

Injecting (22), (32), (31) and (34), I4c can be
expressed as in (37)

* \/<LLS tan <(§>>2 —i—% 37

f

A direct interpretation of this formula is not straight
forward. However, it allows a analytical study of the
impact of the degree of freedom ¢ and w on the electrical
variables.

IV. INTERACTION BETWEEN FREQUENCY AND
ANGLE ON M2DC DESIGN AND EFFICIENCY

The analysis is carried out for a three-phase (fig 1)
converter of 600 MW whose parameters are displayed
in table I. As the fault behavior is out of the scope, the
submodules used are half-bridge in order to minimize
the losses. In this case, V,,,40mac admissible is defined
by (38) because the generation of negative voltage is not
possible. This limits the values of ¢ as showed by (34).

1
VinACmae = % min(deQ; Vdel — Udc?) (38)

Parameter  Value

Vdel 320 kV

Vde2 250 kV

Rarm 4 mf)

Larm 4 mH

Ry 50 mQ

Ly 120 mH

TABLE I: Parameters of the M2DC converter

As for the frequency, it must respect the constraints
of technical feasibility. This is why, the range of variation
is limited between 50Hz and 350Hz.

A. Impact of ¢ and w on electrical components

The maximum values of modulated voltage and the
arms currents according to ¢ and w are represented in
fig. 4 and fig. 5. In 4, the function displayed corresponds
to both upper and lower arm. Only the scale changes
between the two as represented by the two z-axes,
Vinu,,.. /Vupc on the left and Vi, /Vipe

Fig. 4 and (34) indicates that a higher frequency leads
to higher modulated voltage. As for the angle, the higher
it is, the smaller the voltage.

For the currents, fig. 5a and fig. 5b present there
evolution. A higher frequency results in lower currents
while a higher angle increase them. In these figures,
some values are not feasible with current interrupter like
IGBT, which would lead to an increased number of arms.

This analysis alone cannot define the optimal oper-
ating point of the converter. To do so, the design of the
capacitors and the efficiency of the converter must be
considered.
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B. Impact of ¢ and w on the capacitor design

The capacitor value of one arm is determined in order
to limit the ripple of voltage to +10%. To calculate
it, the fluctuating power is first determined thanks to
equations (3), (34) and (37). Then, it is possible to
estimate the fluctuation of energy in one arm. Knowing
this fluctuation, the capacitor value is determined to limit
the voltage ripple thanks to (39).

%cmtm/;%t =AE (39)

It is usual to represents the energy stored in the ca-
pacitors compared with the nominal power as presented
in (40). In the M2DC, the nominal voltage of a capacitor
arm is Vi, and the power is P"%.
" 0%

° P

The results for H,. are exposed in fig. 6. The capacitor
needed is bigger when the frequency decreases and the
angle ¢ increases. More precisely, the relation between
Ciot and H, can be approximated by a line whose slope
is inversely proportional to the frequency. The lower
arm needs more energy stored because the fluctuating
power is higher. Indeed, although the AC components
are the same, the DC current is higher, thus so is the
instantaneous power.

From the equivalent arm capacitor value, the one
of the submodules is obtained by multiplying by the

(40)

DC
N - - n N
~ o @ =] IN]
! / / / |

/
u-max ul

S
!

|
5
[
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(a) Maximum upper arm current.
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(b) Maximum lower arm current.

Fig. 5: Maximum arm currents as a function of ¢ and
w.

number of these. Note that the number of submodules is
determined by the maximum modulated voltage divided
by the design sub-module voltage (usually 1600V). This
result is the same as fig. 6. Capacitor values are between
1.35mF" and 207mF' for the upper arm and 11.5mF" and
230mUF for the lower arm.
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In conclusion, as for the capacitor design, the fre-
quency should be chosen high and the angle small.
However, a high frequency increases the commutation
losses. An analysis of the efficiency is thus required.

C. Impact of ¢ and w on the losses

To estimate the losses, a numerical approach is
adopted with MATLAB-Simulink, one leg is simulated
with its voltage balancing algorithm [10]. From this
simulation, submodule voltages, arm currents and state
of the interrupter are retrieved. It is then possible to
calculate the losses in the arms [8]. The submodule
chosen for this study is the IGBT 5SJA 3000L520300
from ABB [11].

Fig. 7a and fig. 7b display the conduction losses and
commutation losses respectively for upper arm and lower
arm. As predicted, commutation losses increase with the
frequency. As for conduction losses, they are inversely
proportional to the frequency. Note that the upper arms
generate less losses than the lower arm despite its higher
current (equal in AC but higher in DC). Indeed, it is
composed of less submodules because its rated voltage
is lower than the other arm. In fact, in this converter the
upper arms need 88 submodules whereas the lower arms
need 200.

Fig. 8 shows the total losses in the converter. The
optimal operating point is with the minimum angle
possible and a frequency near 70H z. Then, the losses

Losses in upper arm [MW]
n

350

250 200
150 0.5

F [Hz] 50 ¢ [rad/s]

(a) Estimated losses in upper arm.

-

ES v o

Losses in lower arm [MW]
w

150 05

F [Hz] 50 ¢ [rad/s]

(b) Estimated losses in lower arm.

Fig. 7: Estimated losses in the converter arms as a
function of ¢ and w.

are up to 6.11 MW for the nominal power 600M W. So,
the overall efficiency is 98.97%. However, this choice
requires substantial capacitors as shown by table II. If the
frequency is increased, the capacitors take lower values
but it will generate additional losses. the converter cost
and footprint (CAPEX) will be reduced but the operation
cost (OPEX) will be higher.

V. CONCLUSIONS

This paper presents a full quasi-static study of the
modular multilevel DC converter (M2DC) which is an
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