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Abstract—The DC-DC Modular Multilevel Converter (MMC),
which originated from the AC-DC MMC, is an attractive conver ter
topology for interconnection of medium-/high-voltage DC grids.
This paper presents design considerations for the DC-DC MMCto
achieve high efficiency and reduced component sizes. A steady-state
mathematical model of the DC-DC MMC in the phasor-domain
is developed. Based on the developed model, a design approach
is proposed to size the components and to select the operating
frequency of the converter to satisfy a set of design constraints
while achieving high efficiency. The design approach includes sizing
of the arm inductor, Sub-Module (SM) capacitor, and phase filter-
ing inductor along with the selection of AC operating frequency
of the converter. The accuracy of the developed model and the
effectiveness of the design approach are validated based on the
simulation studies in the PSCAD/EMTDC software environment.
The analysis and developments of this paper can be used as a
guideline for design of the DC-DC MMC.

I. Introduction

T HE DC-AC Modular Multilevel Converter (MMC) has
become the most attractive converter topology for high

voltage applications because of its salient features, i.e., high
efficiency, scalability/modularity, and superior harmonic perfor-
mance [1]. Over the past few years, extensive research effort
has been made to address the technical challenges associated
with the operation and control of the MMC and to improve
its performance for various applications [2,1,3]. Those appli-
cations mainly include High-Voltage DC (HVDC) transmission
systems [4,5,6], variable speed drives [7,8,9,10], and flexible
AC transmission systems [11].

The salient features of the DC-AC MMC have enabled
the emergence of the single-stage DC-DC MMC, which can
potentially replace the conventional back-to-back DC-AC-DC
converter configurations [12,13] for medium/high power DC-
DC conversion systems, e.g., interconnection of medium-/high-
voltage DC grids [14,15,16,17]. Similar to the DC-AC MMC,
the circuit topology of the DC-DC MMC, which hereafter is
referred toasthe DC MMC, is derived based upon stacking up
a number of identical Sub-Modules (SMs). However, operation
and control of the DC MMC are significantly different from the
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DC-AC MMC [18]. In the DC MMC, the DC power flow is
determined by external parameters, i.e., the DC-link voltages
and output power. To keep the energy balanced among all
SM capacitors, the amount and direction of the AC active
power flow is controlled by injecting an AC circulating current
component within each phase-leg of the converter to compensate
for the DC power. Thus the AC circulating current is a necessity
to guarantee proper operation of the converter. However, from
the efficiency and device current rating perspectives, circulating
current must be minimized. Since both frequency and amplitude
of the circulating current in the DC MMC can be chosen
arbitrarily, their values affect the converter efficiency and the
size of passive components. Although a higher AC circulating
current frequency, which is referred to as the operating fre-
quency, reduces the size of passive components, it increases
the power losses of the converter. Furthermore, the DC MMC
topology inherently requires a large phase filtering inductor to
remove the AC component presented in the phase current [19].
However, an over-sized inductor will add to the system cost and
size/volume. Although the basics of operation and control of the
DC MMC have been investigated in [20,19,21,22], its optimal
design has not been explored. Since the basics of operation of
the DC MMC are significantly different from the DC-AC MMC,
the developed passive component sizing methods for the DC-
AC MMC in [23,24,25] are not applicable to the DC MMC.

This paper presents the design considerations for the DC-DC
MMC to achieve high efficiency while satisfying the design
constraints. A phasor-domain steady-state model of the DC
MMC is developed and used to determine the AC and DC
components of the arm current, and phase current.In addi-
tion, the dynamics of SM capacitor voltage ripple is derived.
Subsequently, a systematic approach is developed such that
based on certain given design constraints, the size of passive
components as well as the operating frequency of the converter
can be determined. Accuracy of the developed model and the
design approach is validated based on simulation studies inthe
PSCAD/EMTDC software environment.

II. The DC MMC
The circuit diagram of an M-phase-leg DC MMC is shown

in Fig. 1 in which the DC-link 2 voltagevdc2 is greater than
the DC-link 1 voltagevdc1. The DC MMC consists of M
nominally identical phase-legs and two arms per phase-leg,i.e.,
an upper arm (represented by superscript “p”) and a lower arm
(represented by superscript “n”). Each arm consists of series
connection ofN nominally identical half-bridge SMs and an
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Fig. 1. Circuit diagram of anM-phase-leg DC MMC.

arm inductorl. The output terminal/mid-point of each phase-
leg is connected to the converter DC-link 1 terminal via the
phase filtering inductorL. By symmetrical connection of two
unipolar DC MMCs, the unipolar configuration of Fig. 1 can be
expanded to a bipolar one [19]. The analysis and developments
in this paper are based upon the unipolar configuration and are
equally valid for the bipolar case as well.

For high-power applications, multiple phase-legs are required
to increase the power rating of the converter. For the case of
M = 1, a series LC filter is inserted to establish a path for the
AC circulating current [20]. For the case ofM > 1, the phase-
legs operate in an interleaved manner, i.e., the gating signals
among phase-legs are identical with a phase shift of 2π/M.

Each SM of the DC MMC of Fig. 1 can provide two voltage
levels at its terminal, i.e., zero orvxi, j

C , x ∈ {p, n}; i ∈ {1, 2, ...,N};
j ∈ {1, 2, ...,M}, depending on the state of its complementary
switchesS xi1, j andS xi2, j. Ideally, the average value of each SM
capacitor voltage is maintained atvdc2/N. The two switching
states of SM-i in arm-x of phase-j are:
• S xi1, j = 1 andS xi2, j = 0: ON-state or inserted,
• S xi1, j = 0 andS xi2, j = 1: OFF-state or bypassed.

The voltage of each arm of the DC MMC, i.e.,vx, j
arm, x ∈

{p, n}; j ∈ {1, 2, ...,M}, is controlled by the number of inserted
SMs. During normal operation, the voltage of each arm consists
of a DC as well as an AC component. The lower arm DC
voltage component is determined byvdc1, while the upper arm
DC voltage component is determined by the ratio ofvdc1/vdc2.
The AC voltage component, on the other hand, is controlled to
drive an AC circulating current component within each phase-
leg, exchanging active AC power between the upper and lower
arms of the corresponding phase-leg. Ideally, the amplitudes
of the AC component of the arm voltages/currents and phase
currents among phase-legs are identical. The phase angles of

the AC component of arm voltages/currents and phase currents
amongM phase-legs are displaced by 2π/M. The nominal DC
power can flow bidirectionally between the input and output
terminals. To guarantee the power balance between the upper
and lower arms of each phase-leg such that the divergence of
the SM capacitor voltages between upper and lower arms are
minimized, an AC active power must be exchanged between the
upper and lower arms of each phase-leg.

A. Steady-State Model

To develop a mathematical model of the DC MMC, the
following assumptions are made:

1) The number of SMs per arm is assumed to be consid-
erably large. Based on this assumption, the arm voltages
can be represented by ideal voltages sources;

2) The converter components are ideal and lossless, i.e.,
input power equals the output power;

3) A proper capacitor voltage balancing strategy based on the
sorting algorithm is adopted to maintain the SM capacitor
voltages balancedwithin each arm.

In deriving the steady-state model of the converter, for the
sake of simplicity, only one phase-leg is considered. Neverthe-
less, the mathematical model of one phase-leg can be extended
to the case of anM-phase-leg DC MMC. Fig. 2 shows the
corresponding equivalent circuit of a single phase-leg of the
DC MMC, wherevx

arm,dc and ṽx
arm,ac represent the DC and AC

components of the arm voltage, respectively,ix
arm,dc and ĩx

arm,ac
represent the DC and AC components of the arm current,
respectively,io,dc represents the DC component of the phase
current, andĩo,ac represents the AC component of the phase
current, which should be ideally equal to zero. The cascaded
SMs within each arm are represented by ideal controllable
voltage sources. Since the converter consists ofM identical
phase-legs, the rated DC power is equally shared among the
phase-legs.

Based on the superposition principle, the converter phase-leg
equivalent circuit can be decomposed into DC and AC sub-
circuits. To derive the DC equations, a DC equivalent circuit
of a single phase-leg is obtained and shown in Fig. 3.The DC
equivalent circuit is obtained by disabling AC voltage sources
shown in Fig. 2 such that inductors are represented as short
circuit. Based on the assumption of a lossless conversion, the
upper and lower arm voltage and current DC components can
be represented by:

vp
arm,dc= vdc2− vdc1, (1)

vn
arm,dc= vdc1, (2)

ip
arm,dc= −

idc2

M
, (3)

inarm,dc=
idc2

M
(
vdc2

vdc1
− 1). (4)

The upper and lower arm DC power can be represented by:

Pp
arm,dc= (

vdc1

vdc2
− 1)

P
M
, (5)
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Pn
arm,dc= (1−

vdc1

vdc2
)

P
M
, (6)

where P is the converteroutput power, which is considered
positive when power flows from the DC-link 1 to DC-link 2.

Based on the superposition principle, two AC equivalent
circuits are derived by disabling the DC voltage sources shown
in Fig. 2. Since neither of the DC-link 1 and DC-link 2
terminals of the converter carries any AC component under
normal operation, for the AC analysis, they can be represented
as short circuits.The AC equivalent circuit of the upper arm
shown in Fig. 4(a) is obtained by enabling only the upper arm
AC voltage source and the AC equivalent circuit of the lower
arm shown in Fig. 4(b) is obtained by enabling only the lower
arm AC voltage source. In this way, the AC component of
the arm currents and the phase current produced by the AC

voltages of the upper and lower arms are analyzed separately.
In Fig. 4, ĩp|p

arm,ac and ĩp|n
arm,ac represent the AC component of

the upper arm current produced by the AC voltages of the
upper and lower arms, respectively,ĩn|parm,ac and ĩn|narm,ac represent
the AC component of the lower arm current produced by the
AC voltages of the upper and lower arms, respectively, and
ĩ|po,ac and ĩ|np,ac represent the AC component of the phase current
produced by the AC voltages of the upper and lower arms,
respectively.Based on the equivalent circuits of Figs. 4(a) and
(b), the following equations are derived for the arm currentand
phase current AC componentsby combining the results from
the analysis of Fig. 4(a) and (b):

ĩp
arm,ac= −

ṽp
arm,ac+

XL
Xl+XL

ṽn
arm,ac

j(Xl +
XlXL

Xl+XL
)
, (7)

ĩnarm,ac= −
ṽn

arm,ac+
XL

Xl+XL
ṽp

arm,ac

j(Xl +
XlXL

Xl+XL
)
, (8)

ĩo,ac = (
Xl

XL + Xl
)
ṽp

arm,ac− ṽn
arm,ac

j(Xl +
XlXL

Xl+XL
)
, (9)

where Xl is the arm inductive reactance,XL is the phase
inductive reactance.

The arm AC active power can be calculated by:

Px
arm,ac= Re(ṽx

arm,ac̃i
∗x
arm,ac), (10)

whereĩ∗xarm,acrepresents the complex conjugate of the upper and
lower arm current AC components. By substitutingĩp

arm,ac from
(7) and ĩnarm,ac from (8) into (10), the arm AC active power are
represented by the following equations:

Pp
arm,ac=

XL

(X2
l + 2XlXL)

|ṽp
arm,ac||ṽ

n
arm,ac|sin(φ), (11)

Pn
arm,ac= −

XL

(X2
l + 2XlXL)

|ṽp
arm,ac||ṽ

n
arm,ac|sin(φ), (12)

where φ represents the upper arm voltage AC component
phase angle with respect to lower arm voltage AC component.
In the AC analysis presented in this paper, all phase angle
of voltages/currents are represented with respect to the AC
component of the lower arm voltage.

The AC component of the arm current in the DC MMC
serves as a mean for exchanging power between the upper and
lower arm of each phase-leg.To maintain the steady-state power
balance of each SM capacitor, the summation of the active AC
power and DC power flowing through each arm must be equal
to zero. By equating AC and DC powers for each arm, the
power balance constraint for each phase-leg is representedby
the following equation:

(
vdc1

vdc2
− 1)

P
M
= −

XL

(X2
l + 2XlXL)

|ṽp
arm,ac||ṽ

n
arm,ac|sin(φ). (13)

Fig. 5 presents the effects of the conversion ratio on the
arm power at various number of phase-legs to transfer one
per unit power. As the conversion ratio increasing, the DC
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power transferred by each arm decreases which implies that
the AC power required to maintain the power balance of each
SM capacitor voltage reduces. In addition, since the phase-legs
share the converter power equally, as the number of phase-legs
increasing, the power stress on each arm decreases.

III. Converter Design and Component Sizing
As shown in (13), there are an infinite number of possible

combinations of circuit parameters and control variables that
satisfy the power balance equation. Since all parameters in(13)
are correlated, changing one parameter will affect the other
parameters and the converter performance.

The objective of the component sizing is to minimize the
total power losses while satisfying a set of given design con-
straints. The design constraints include the magnitude of the
SM capacitor voltages ripple, total semiconductor power losses,
and the amplitude of the AC component of the phase current.
The semiconductor power losses, i.e., conduction and switching,
mainly depend on the magnitude of the arm current [23]. Since
the DC component of the arm current is determined by the
operating conditions, the main design goal is to minimize the
magnitude of the AC component of the arm current. For this
purpose, sizing of the arm and phase filtering inductors as well
as the SM capacitor are discussed in this section. In addition to
the component sizing, selection of the operating frequencyof
the converter is also explained.

A. Arm Inductive Reactance

In this subsection, a simplified model of the DC MMC
is employed to sizeXl. The simplified model is derived by
assuming thatXL >> Xl. Consequently, (7), (8), and (13) are
simplified to:

ĩp
arm,ac= ĩnarm,ac= −

1
2 jXl

(ṽp
arm,ac+ ṽn

arm,ac), (14)

(
vdc1

vdc2
− 1)

P
M
= −

1
2Xl
|ṽp

arm,ac||ṽ
n
arm,ac|sin(φ). (15)

In the DC-AC MMC used in HVDC applications, the arm
reactance serves two main functions: (i) attenuating the high-
frequency components of the circulating current and (ii) limiting

the DC-side short-circuit fault current. In contrast, in the DC
MMC, the AC circulating current is required to exchange active
power between the upper and lower arm of each phase-leg,
whereby power balance can be maintained within each phase-
leg. As a result, the magnitude of the circulating current is
controlled to maintain the SM power balance and it does not
need to be suppressed by passive components. In the DC
MMC, the arm inductor acts as a line impedance such that
the voltage across the inductor generates an AC component
for the arm current. Since the AC active power needed to be
exchanged between each upper and lower arm pair is a fixed
value determined by (5) and (6), the amplitude of the AC
component of the arm voltage should be maximized in order
to minimize the arm current which leads to minimized device
current rating and power losses.

For proper operation of the converter, the following con-
straints must be satisfied: (i) the half-bridge SM can only
insert a positive voltage in the ON-state, thus the instantaneous
arm voltage must be greater than zero, and (ii) the maximum
instantaneous arm voltage must be smaller than the DC-link 2
voltage. Since the arm voltage contains a DC component and
an AC component, to satisfy the constraint (i), the amplitude
of the AC component of each arm should be smaller than the
DC component. To satisfy the constraint (ii), the amplitude
of the AC component of each arm should be smaller than
the difference between the DC-link 2 voltage and the DC
component of each arm. The constraints on the amplitude of
the AC component of the upper and lower arms are expressed
by:

|ṽp
arm,ac| 6 Min[vp

arm,dc, (vdc2− vp
arm,dc)], (16)

|ṽn
arm,ac| 6 Min[vn

arm,dc, (vdc2− vn
arm,dc)]. (17)

Therefore, once the DC-link 1 voltage, DC-link 2 voltage,
and rated power are given, the amplitude of the arm current
AC component can be solved for various phase shifting angle
by (14) and (15). The amplitude of the arm AC current versus
phase shifting angle,φ, for different arm inductive reactance
is plotted in Fig. 6 in whichvdc1 = 0.5vdc2 is assumed. Once
the arm inductance is selected, the amplitude of arm current
AC component moves along one unique curve shown in Fig.
6 as the phase shifting angle increases. Asφ approachesπ,
the amplitude of the arm AC current component reaches a
minimum. To minimize the converter losses, the arm AC current
amplitude should be minimized by controlling the phase shifting
angle and corresponding arm AC voltage amplitude. Based on
Fig. 6,as the arm inductance decreases, the rate of change of the
amplitude of the AC circulating current arm current with respect
to the φ increases at the vicinity of the achievable minimum
circulating current.As a result, a sufficiently largeXl should be
selected to ensure that the controlleris able toconverge to the
achievable minimum AC circulating current. Selection of the
arm inductance value depends on the controller type/design.

On the other hand, the size ofXl affects the maximum
attainable converter output power,Pmax. Fig. 7 presents the
effects ofXl on Pmax at various conversion ratio. As show in Fig.
7, Pmax reduces asXl increasing. In addition, as the conversion
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ratio deviates from 0.5, Pmax deceases at fixedXl. Consequently,
the maximum value ofXl must be sized to ensure the rated
converter power is smaller thanPmax.

B. Phase Filtering Inductive Reactance

For proper operation and minimized power losses of the DC
MMC, the AC component of the output phase current should
be negligible. This necessitates a largeXL , which for high
power/voltage applications, adds to the system cost and com-
plexity. Therefore, it is of interest to determine the minimum
XL that satisfies the constraint on the amplitude of AC current
component of the phase current. The amplitude of the phase
AC current can be determined by solving (9) for variousXL.
Fig. 8 presents the amplitude of the AC component of the phase
current versesXL at various conversion ratio.As XL increasing,
the current amplitude decreases. However, the rate of change
of the phase current AC component is reduced asXL increases,
which implies the marginal cost of reducing the phase current
AC component is increased.In addition, as the conversion ratio
deaviate from 0.5, the phase current ripple decreases at the same
XL. The minimumXL that ensures the phase current amplitude
below the design constraint is selected as the best value ofXL.

C. SM Capacitive Reactance

The dynamic of the sum of the SM capacitor voltages in the
upper or lower arms were derived in the work done in [3] and
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is expressed by:

dvΣp,n

dt
=

N
C

mp,nip,n
arm, (18)

whereC is the SM capacitance,vΣp,n is the sum of SM capacitor
voltages of the upper or lower arm,and mp,n represents the
insertion index of the upper or lower arm.

The sum of the SM capacitor voltages is given by:

vΣp,n = NvC,nominal+ N∆vp,n
C , (19)

wherevC,nominal represents the nominal value of the SM capac-
itor voltage and∆vp,n

C represents the ripple component of the
SM capacitor voltage of the upper or lower arm.The submodule
capacitance C is normally sized large enough such that it is safe
to assume|∆vp,n

C | ≪ vdc2.
The insertion indices of the upper and lower arms are

expressed as:

mp =
(vdc2− vdc1) + V p

arm,refcos(ωt + φref)

vdc2
, (20)

mn =
vdc1+ Vn

arm,refcos(ωt)

vdc2
, (21)

where V p
arm,ref and Vn

arm,ref represent the reference for the am-
plitude of the AC component of the upper and lower arms,
respectively,φref represents the reference for the phase angle of
the AC component of the upper arm voltage,andω represents
the converter operating frequency.

The arm currents can be expressed by:

ip
arm = −

idc2

M
+ Ip cos(ωt + φp), (22)

inarm =
idc2

M
(
vdc2

vdc1
− 1)+ In cos(ωt + φn), (23)

whereφp andφn represent the phase angle of the AC component
of the upper and lower arm currents, respectively, andIp and
In represent the amplitude of the upper and lower arm current
AC component, respectively.
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Substituting formp,n from (20) andip,n
arm from (22) into (18)

then integrating both sides of the results, the SM capacitor
voltage ripple component can be expressed by:

∆vp
C = XC[(1 −

vdc1

vdc2
)Ip sin(ωt + φp)−

V p
arm,refidc2

Mvdc2
sin(ωt + φre f ) +

IpV p
arm,ref

4vdc2
sin(2ωt + φre f + φp)],

(24)

∆vn
C = XC[

vdc1In

vdc2
sin(ωt + φn)+

(
vd2

vd1
− 1)

Vn
arm,refidc2

Mvdc2
sin(ωt) +

InVn
arm,ref

4vdc2
sin(2ωt + φn)], (25)

where XC represents the SM capacitive reactance which is
defined asXC = 1/ωC.

As shown in (24) and (25), the ripple component of the SM
capacitor voltage of the upper and lower arms carry two fun-
damental component terms as well as a second-order harmonic
term. The amplitude of the fundamental terms depends upon
the ratio of the input and output DC-link voltages.The SM
capacitor voltages in the upper and lower arms are functionsof
the conversion ratio. As the conversion ratio deviating from 0.5,
the difference of the SM capacitor voltage ripple between the
upper and lower arms varies. Therefore, it is important to size
XC to ensure the magnitude of the SM capacitor voltage ripple
of both arms below the design constraint.

Solving (24) and (25),the normalized SM capacitor voltage
ripple versus the SM capacitive reactance is shown in Fig. 9
for vdc1/vdc2 = 0.7. As shown in Fig. 9 the amplitude of the
SM capacitor voltage in the lower arm is greater than that in
the upper arm. As theXC decreasing, the magnitude of the SM
capacitor voltage ripple of both arms decreases. Based on Fig.
9, the best value ofXC is selected as its maximum value that
ensures the magnitude of SM capacitor voltage ripple of both
arms satisfy the given design constraint.

D. Operating Frequency

Unlike the DC-AC MMC used in the HVDC applications in
which the operating frequency is imposed by the converter AC-
side frequency, the operating frequency of the DC MMC is a
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free design parameter. The operating frequency can be chosen
based on a trade-off between the component size/cost and the
converter efficiency. To choose a proper AC operating frequency,
the power losses of the converter are evaluated at various
operating frequencies. Since a higher operating frequencyleads
to smaller passive components size/cost, the maximum AC
operating frequency that satisfies the power loss constraint is
identified as the best operating frequency.Since the semicon-
ductor devices make the major contribution to the converter
total power losses [26], the power loss constraint is set for
semiconductor devices losses. To calculate the power losses, a
power loss estimation method based on semiconductor behavior
model is adopted from [27,28]. By applying this method, the
total conduction and switching losses of the DC MMC at the
given operating condition are evaluated for various operating
frequencies.The converter semiconductor device losses versus
the converter operating frequency are shown in Fig. 10. As
shown in the figure, the switching losses increases as the
operating frequency increasing whereas the conduction loss is
independent of the operating frequency.Once the operating
frequency is chosen, the arm and phase filtering inductances
as well as the SM capacitance can be determined based on
the operating frequency and their corresponding reactances that
determined in the previous steps.

The overall procedure to size the components of the DC
MMC is illustrated in the flowchart of Fig. 11. Given the
nominal operating conditions and the design constraints, first,
Xl is selected based on theconverter power and the controller
convergence test. Xl should be sized to guarantee that the con-
troller converges to the achievable minimum arm AC current.
As shown in Fig. 11, several iterations might be required to find
thebestset of components, which satisfy the design constraints.
Once Xl is selected, the amplitude of the AC component of
the phase current is calculated for variousXL. A minimum
XL that satisfies the phase current AC component amplitude
constraint can be identified asthe best value ofXL in this step.
The magnitude of the SM capacitor voltage ripple will then
be calculated for differentXC. A maximumXC that satisfy the
constraint on the SM voltage ripple magnitude is identified as
the best value ofXC. In the next step, semiconductor power
losses are estimated at variousoperatingfrequencies and the
maximum frequency that satisfies the power loss constraint
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Fig. 11. Flowchart of the component sizing procedure of the DC MMC.

can then be identified as the best value. After this step, the
controller performance will be evaluated by simulation studies.
If the controller fails to converge to the minimumachievable
amplitude of AC circulating current, Xl will be resized. Then,
the arm and output inductors as well as the SM capacitor can
be sized.

IV. Simulation Results
Two case studies are reported in this section on a three-phase-

leg DC MMC of Fig. 1, using parameters and corresponding
constraints listed in Tables I and II. The studies are conducted
to validate the developed stady-state model and demonstrate the
accuracy of the converter design process. The sizes of passive
components are determined based on the design procedure in
Fig. 11. Two modes of operations are simulated to mimic the
bidirectional power flow: the buck mode of operation which
is defined as DC power flowing from DC-link 2 to DC-link 1
and the boost mode of operation which is defined as DC power
flowing from DC-link 1 to DC-link 2. The designed converters
are simulated in PSCAD/EMTDC software environment. The
SPWM modulation scheme and the open loop control strategy
in [19] are used in the simulation studies.

A. Simulation Results for vdc1/vdc2 = 0.5

The steady-state converter waveforms for buck and boost
modes of operation of the DC MMC are provided in Figs. 12
and 13, respectively, wherevdc1/vdc2 = 0.5. In both figures, the
SM capacitor voltages and arm currents of only the phase-a are
shown. The nominal conditions, design constraints, converter
parameters, and analytical results are shown in Table I. By
following the described design procedure, anXl of 2 Ω is
selected to ensure the convergence of the controller. AnXL

of 450Ω is chosen, which results in 9.8 A phase AC current
amplitude.XSM is selected as 0.2Ω, which results in 3.8% SM

capacitor voltage ripple. An AC operating frequency of 360 Hz
is chosen, leading to 0.5% semiconductor power losses.

Since vdc1/vdc2 = 0.5, the DC components ofip
arm and inarm

have the same magnitude as shown in Figs. 12(c) and 13(c).
The magnitudes of the SM capacitor voltages ripple in the
upper and lower arms are the same, i.e., 74 V for buck mode
of operation and 78 V for boost mode of operation. The peak
to peak magnitude of the AC component of the phase current
is equal to 18 A for both modes of operation. As confirmed
by the waveforms of Figs. 12 and 13, the magnitude of the
SM capacitor voltages ripple and AC component of the phase
current are below the design constraints for both modes of
operation.

TABLE I
Nominal conditions and design constraints for case A

Nominal Conditions Value
Output power, P 7 MW

DC-link 1 voltage,vdc1 4.4 kV
DC-link 2 voltage,vdc2 8.8 kV

Design Constraints Value

Phase current ripple,|̃io,ac,p-p|/io,dc 5%
SM voltage ripple,|∆vSM|/vC,nominal 4%

Converter power losses 1%

Converter Parameters Value
Number of SMs per arm,N 4

SM capacitor,CSM 2 mF
Arm inductor, l 0.89 mH

Phase filtering inductor,L 132 mH
Operating frequency,f 360 Hz

Performance Parameters Analytical Results
Phase current ripple,|̃io,ac,p-p| 19.6 A

SM capacitor voltage ripple|∆vSM| 81.6 V
Converter power losses 0.5%

B. Simulation Results for vdc1/vdc2 = 0.7

The corresponding simulation results forvdc1/vdc2 = 0.7 for
buck and boost modes of operation are provided in Figs. 14
and 15, respectively. The nominal conditions, design constraints,
converter parameters, and analytical results are shown in Table
II. An XL of 120 Ω is chosen, which results in a phase AC
current with a magnitude of 9.5 A.XSM is selected as 0.11
Ω, which leads to 3.9% SM capacitor voltage ripple. An AC
operating frequency of 360 Hz is used, resulting in 0.5%
semiconductor power losses. Since the current sharing between
the upper and lower arm pairs changes with the DC-link 1 and
DC-link 2 ratio, whenvdc1/vdc2 = 0.7 the upper and lower arms
unequally contribute to the DC current as shown in Figs. 14(c)
and 15(c). This, consequently, leads to unequal amplitude of the
SM capacitor voltages in the upper and lower arms, as shown
in Figs. 14(e) and 15(e). In this case,XSM is sized based on the
amplitude of the lower arm SM capacitor voltage ripple, which
is larger than the upper arm. For both modes of operation, the
converter transfers 7 MW power.

The amplitude of the SM capacitor voltage ripple of the lower
arm is 80 V in the buck mode operation and 83 V in the boost
mode operation. As shown in Figs. 14(d) and 15(d), the peak
to peak magnitude of the AC component of the phase current
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Fig. 12. Steady-state converter waveforms for buck mode of operation for
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is equal to 18 A for both modes of operation. As confirmed by
the waveforms of Figs. 14 and 15, in both modes of operation,
the amplitudes of the SM capacitor voltage ripple and AC
component of the phase current are below their per-specified
constraints.

V. Conclusion
In this paper, a phasor-domain steady-state mathematical

model for the DC MMC is developed. Based on the developed
model, a systematic procedure of sizing the converter compo-
nents is developed. Proper sizing of the components ensures
the converter achieve high efficiency while satisfying a set of
given design requirements. Simulation results are presented to
demonstrate the accuracy of the proposed method.
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