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Discontinuous Conduction Mode Operation of the
Current-Shaping Modular Multilevel
DC-DC Converter

Philippe A. Gray

Abstract—The current-shaping modular multilevel dc—dc
converter (CS-MMC) is a recently proposed class of modular
multilevel de—-dc converters for dc distribution grid applications
consisting of a single string of cascaded voltage-source sub-
module (VSM) cells, a current-source submodule (CSM), and,
notably, no series inductor. In the CS-MMUC, since it is the CSM
that shapes the string current and there is no series inductor,
this frequency can readily be in the medium-frequency range,
enabling VSM cells to be realized with low cell capacitance.
In the previous work, only continuous conduction mode (CCM)
operation of the CS-MMC had been considered, which led
to several limitations, including elevated switching losses and
low utilization of the semiconductor devices in low output
voltage applications. In this work, the discontinuous conduction
mode (DCM) operation is proposed for the CS-MMC that
addresses these limitations. In traditional de—dc converters, DCM
is determined by the inductor current ripple. However, unique to
the CS-MMC, DCM is determined by the VSM capacitor voltage
ripple. In this work, the proposed DCM operational approach is
presented along with its analysis and control. Both simulation and
experimental results from a laboratory-scale converter system are
provided for validation.

Index Terms—DC-DC power converters, discontinuous
current mode (DCM), medium-voltage dc (MVdc), modular
multilevel converter (MMC), soft switching.

I. INTRODUCTION

HE modular multilevel converter (MMC), originally pro-

posed in [2], is an enabling technology for interconnect-
ing ac and dc networks. The MMC features highly desirable
properties, including a modular, scalable structure, and the
ability to generate multilevel output voltages. Accordingly,
the MMC has received significant attention from both acad-
emia and industry in recent years. Subsequent to the MMC,
other MMC topologies have been proposed for interconnecting
ac and dc networks, as in [3]-[5], and for interconnecting dc
networks, such as in [6]-[16].
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Fig. 1. CS-MMC with CCM operational approach of [11].

Inherently, all the dc—dc topologies for interconnecting dc
networks feature some form of internal energy storage. For
the front-to-front MMC topologies in [6] and [7], this internal
energy is managed similar to that of [2], and therefore,
traditional operational approaches developed for the MMC can
be employed. In some of the more recent dc—dc topologies,
such as the modular multilevel dc—dc converter (M2DC) [8],
[9], the HVDC-DC autotransformer (HVDC-AT) [10], and
the current-shaping MMC (CS-MMC) [11]-[13], the internal
energy transfer mechanism is inherently different from [2],
and therefore, these topologies have required novel operational
approaches to be developed.

The HVDC-AT and the M2DC topologies of [8]-[10] are
suitable for low-to-moderate step ratios and employ paral-
lel strings featuring voltage-source submodules (VSMs) and
series inductors. Both topologies circulate ac power internally
at a select frequency in hundreds of Hz range to achieve inter-
nal energy balance [17]. Conversely, the CS-MMC topology,
as shown in Fig. 1, features a single string of VSMs and a
current-source submodule (CSM) without a series inductor.
The voltages Vy and V, represent the input and output
voltages, respectively. This topology is suitable for high step
ratios, and ac power is circulated internally at multiples of the
CSM switching frequency that can be in tens of kHz range.

While the CS-MMC topology of [11] is interesting,
the operational approach proposed in [11] limits the potential
of the topology due to elevated switching losses and low
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TABLE 1
COMPARING CCM AND DCM OPERATIONS

CCM Proposed
Parameter Approach DCM

of [11] Approach
Total Blocking > Vg +V, ~ Vi
Voltage of VSM String |
Minimum Number of 8 on/8 off 2 on/2 off
Switching Operations
per Fundamental
Period!
o Soft-Switched 8 on 2 on/1 off
Operations
o Hard-Switched 8 off 1 off
Operations
Constraint on Cell V. <V, None
Capacitor Voltage

'Each VSM is a half-bridge featuring 2 switches. A switching
operation is defined as a switch being turned-on or turned-off.

utilization of the semiconductor devices in low output voltage
applications. To illustrate this, representative operating wave-
forms are provided in Fig. 1. As can be observed, the voltage
vy, which is generated by switching action of the VSMs, has a
four-level voltage waveform, with two-voltage levels on either
side of +V,, and —V,. As a consequence, there is a minimum
of four switching operations per fundamental period, and the
average cell capacitor voltage V. is implicitly constrained to be
less than the output voltage V,,. At the root of these limitations
is that, in this operational approach: 1) the VSM string is not
able to generate a zero v, voltage level and 2) active regulation
of the cell capacitor voltages is required.

In [18], a control technique for a two-level voltage-source
converter (VSC) was proposed termed “type-II inverter con-
trol,” in which the dc-link voltage is not actively regulated
and is instead indirectly set by the reactive power set point
of the converter. Consequently, the dc-link voltage will vary
depending on the operating point of the converter. By employ-
ing this technique, the converter is able to regulate both real
and reactive power using only square wave modulation.

Drawing on the concept introduced in [18], this article pro-
poses a new operational approach for the CS-MMC, whereby
the cell capacitor voltages are passively regulated with voltage
values that are defined by the operating point of the converter.
In this approach, the cell capacitor voltage ripple is leveraged
to achieve soft turn-off of the VSM string resulting in a
discontinuous operating mode (DCM) of operation. This is a
unique way of achieving DCM. In traditional dc—dc converters,
DCM operation is due to inductor current ripple.

As a consequence of the proposed DCM operational
approach, the control for the CS-MMC converter is of much
lower complexity, cell capacitor voltages are no longer con-
strained by the desired output voltage, half of the switching
operations are zero-current switched, and the VSM string is
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Fig. 2. CS-MMC topology.

only required to generate a two-level voltage waveform. The
comparison of the two approaches is summarized in Table 1.

A preliminary overview of the DCM operational approach
was provided in [1], which included a steady-state analysis.
This article expands this work, presenting a dynamic circuit
analysis and a complete control logic. In addition, representa-
tive experimental results are provided, which validates the soft
turn-off mechanism underlying the proposed DCM operational
approach.

This article is structured by first providing an overview of
the topology. Then, the DCM operating approach is presented.
This is followed by a dynamic circuit analysis and a descrip-
tion of the control. Finally, simulation and experimental results
from a laboratory-scale converter system are discussed along
with conclusions.

II. TOPOLOGY OVERVIEW

The CS-MMC topology is presented in Fig. 2. This rep-
resents a more detailed version of the topology presented
in Fig. 1. The additions include a low voltage dc load i,,
which is modeled as a current source, and an input and
output capacitor, denoted Cr and C,, respectively, which have
been included for filtering purposes. The voltage across the
input terminals of the CSM, v;, is defined by the following
expression:

v (t) = Vi — 0s(1) ey

where v, (#) is the net VSM string voltage.
If the cell capacitor voltages are well balanced, vg(f) can
be approximated as follows:

n(r)
0s(1) = —Fus (1) @)
where N is equal to the total number of VSM cells in the VSM

string; vz (t) represents the total sum of VSM cell capacitor
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Fig. 3. Operating modes. (a) Charge mode: v; > 0 and iy = iy. Total
duration is D1 T7y. (b) Discharge mode: v; < 0 and iy = —iy . Total duration
is DpTs. (c) Freewheeling mode: vy = 0 and iy = 0. Total duration is
(1 — Dy — Dy)T;.

voltages and is calculated as follows:

N
Z () = D ver(t) 3)

k=1

and n(t) represents the total number of inserted VSM cells.
In reference to Fig. 2, VSM cell 1 is inserted in the circuit
when S, =1 and ;1 = 0 and bypassed when S, ; = 0 and
S =1.

Equations (1) and (2) show that by varying the number of
inserted cells, the voltage applied across the input terminals of
the CSM, v;, can be adjusted. This applied voltage determines
the operating mode of the converter.

The converter features three distinct operating modes. The
three modes are termed the charge, discharge, and freewheel-
ing modes and correspond to a v; > 0, v; < 0, and v; = 0,
respectively. The equivalent circuit for each operating mode is
shown in Fig. 3.

Note that the dashed lines in Fig. 3 represent the current
paths. In the charge mode, the string current iy is of positive
polarity and equal to the inductor current iz . In the discharge
mode, the string current is of negative polarity and equal to
the negative of the inductor current —i;,. Both modes represent
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continuous conduction modes (CCM), since the string current
is nonzero.

If the converter enters into the freewheeling mode, as shown
in Fig. 3(c), it is operating in DCM. An inductance L has been
included in Fig. 3(c) to represent the small stray inductance
on the input side of the CSM. This stray inductance prevents
the string current from instantaneously going to zero at the
transition from the discharge to the freewheeling mode.

In the freewheeling mode, the VSM cell capacitors are
clamped to the input source vy. This clamping action leads
to the passive voltage balancing of the VSM string and is the
fundamental concept underlying the DCM operating approach.

III. DISCONTINUOUS CONDUCTION MODE
A. Background

A representative set of operating waveforms for the DCM
operational approach is provided in Fig. 4. The total durations
of the charge, discharge, and freewheeling modes are DTy,
D) Ty, and (1 — Dy — D) Ty, respectively. The term 7y denotes
the fundamental period of the string current, D represents a
user controllable duty ratio term, and D, represents a relative
time duration that is dependent on Dj. An expression relating
D5 to Dp can be obtained by imposing energy balance to the
converter.

In this DCM operational approach, internal energy balance
is achieved over a fundamental period of the string current.
Over each fundamental period, energy balance is achieved if
the average power delivered by the input source, Pp, is equal
to the average power delivered to the load P,. Expressions for
Py and P, can be derived from inspection of Fig. 3 and are
as follows:

Charge Discharge
—_—~—
Py = Vyl Dy —VylLD; (4a)
P, = ILV,. (4b)

Note that no power is exchanged with the input source in the
freewheeling mode.

By equating (4a) and (4b), the following expression for D>
in terms of D; is obtained:

Dy = Dy — & %)
VH

Equation (5) is employed in Section III-B to derive an expres-
sion for boundary between continuous conduction mode and
discontinuous conduction mode operation.

B. Operating Mode Boundary

If the converter is operating in CCM, only the charge and
discharge operating modes occur. This is shown in Fig. 1.
Since there is no freewheeling mode in CCM, the boundary
between CCM and DCM operations occurs when the free-
wheeling mode is of zero duration, i.e., D> = D{.

Substituting D, = D] into (5), the following bound for
DCM operation can be established:

Dy < -+ -—. (6)

The proposed DCM operational approach requires this
constraint to be met.
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Fig. 4.  Representative steady-state operating waveforms. Intervals I-III
correspond to the charge, discharge, and freewheeling operating modes,
respectively. The number of switched cells K = 1. The number of cells
N =4.

C. Soft Turn-Off Mechanism

As shown in the representative operating waveforms of
Fig. 4, N— K VSM cells are inserted in the charge mode, and
N VSM cells are inserted in the discharge and freewheeling
modes. The integer variable K corresponds to a number of
VSM cells and is selected by the user.'

To transition the converter into discharge mode, K VSMs
are inserted, and to transition the converter into charge mode,
K VSMs are bypassed. The subplot for v in Fig. 4 shows
that the VSM cell capacitors charge in the charge mode and
discharge in the discharge mode.

No switching actions are required to transition the converter
into the freewheeling mode. Instead, this transition is passive
and is due to the cell capacitor voltage ripple.

The soft-turn-off of the VSM string occurs at t = 1,. At time
t = 1, the total sum of cell capacitor voltages DCZ has been
discharged to a voltage value of vc2 = vpy. This starts the turn-

ITo select K, please refer to (10).
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off process, causing the string current iy to rapidly transition
from —iz to O A. Since the string current is 0, the next VSM
switching actions, occurring at ¢t = t3, represent zero-current
switching actions.

Throughout the freewheeling mode, since all N VSM cells
are inserted, the total sum of cell capacitor voltages is clamped
to the voltage of the input source, i.e., vc2 = py. As a
consequence of this clamping, the total sum of cell capacitor
voltages is balanced, in a passive manner, as shown in the DCZ
subplot.

An expression for the average sum of cell capacitor voltages
can be obtained by inspection of Fig. 4. The result is the
following:

Dy + Dy
— AVE 7
where AVCZ represents the peak-to-peak ripple component,

which can also be derived by inspection from Fig. 4,
as follows:

VCZ =Vg +

AVE = c
Equation (7) shows that the average sum of cell capacitor
voltages VC2 will vary slightly about Vg based on the size
of the ripple.

iLD1Ty. ()

IV. OPERATING THE CONVERTER
As the CS-MMC does not feature any active switches, it is
only through appropriate gating of the VSMs that the control
objectives of the CS-MMC are achieved. The conversion ratio

for the converter is defined by the following expression’:
Vo D K ©)
Ve N

where Dj is subject to the DCM constraint of (6). If (9) is
substituted into (6), the DCM constraint can be reformulated
in terms of a constraint on K as follows:

2NV,

VH+V0.

This constraint ensures that the converter operates in DCM.
For low output voltages, a minimum value of K = 1 is
selected. For higher output voltages, a value of K > 1 is
selected. This article considers K to be a fixed value.

As per (9), by adjusting the duty ratio D1, the output voltage
V, of the converter is controlled.

Only two unique gating signals need to be generated to
control the converter. The gating signals are denoted g and g»
in Fig. 4 and are mathematically expressed as follows:

K > (10)

0, 0<t< DT
1, DiT; <t < Ty
g=1Vt

g1 = (11a)

(11b)

where g1 and g are distributed to a total of K and N — K
VSM cells each, respectively. The result is the net VSM string

quuation (9) can be derived by applying volt—second balance to the CSM
inductor L. The relevant volt-second equations are provided later in (14b) for
the charge mode, (17b) for the discharge mode, and (18b) for the freewheeling
mode.
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voltage waveform of vy in Fig. 4. Note that a VSM cell is
inserted when the gating signal is 1 and bypassed when the
value is 0.

As noted earlier, the total sum of cell capacitor voltages
is balanced over each fundamental period; however, the indi-
vidual VSM cell capacitors are not necessarily balanced.
To address this, the VSM cells are sorted based on their
relative states of charge.

V. CIRCUIT ANALYSIS

To inform the control for the converter, dynamic state
equations are derived in this section for the charge, discharge,
and freewheeling modes.

A. Charge Mode

The charge mode is presented in Fig. 3(a). In this mode,
the voltage at the input terminals of the CSM is as follows:

N —-K
Dt(t) = — (T) l)c2 + VH.

The voltage v,(r) is positive since, at the beginning of each
fundamental period (i.e., at ¢ = #y and #3), the total sum of
cell capacitor voltages is given by

02 (0) = V.

(12)

13)

The positive voltage forward biases the diodes S; and Sy,
leading to a string current of iz = ir. Note that the inductor
current i; will always be positive (iy > 0) due to the
orientation of the CSM diode bridge. Since the string current is
positive, the dc input source delivers power to the VSM string
and the CSM. The time derivative of the inductor current and
the total sum of cell capacitor voltages v during this mode
can be calculated as follows:

d >
;; — (N - K)iL (14a)
dir N-K\

LE = — N V¢ + VH — Do (14b)

where C is the capacitance of one VSM cell capacitor; L is
the inductance of the CSM inductor.

Since, at the beginning of the charge mode, vc2 ©0) = vy,
vc2 at the end of the charge mode can be expressed as follows:

vE(DiTy) = Va + AVE. (15)

Note that the initial condition of v in the discharge mode is
vc2 (D1 Ty). Since iy, is a positive value, vc2 (D1 Ty) > Vy.

B. Discharge Mode

While N — K cells are inserted in the circuit for the
charge mode, N cells are inserted for the discharge mode.
Therefore, K additional cells are inserted. In the discharge
mode, as shown in Fig. 3(b), the voltage at the input terminals

of the CSM is given by
0i(t) = —0E (1) + Vg. (16)

At the beginning of the discharge mode, since vcz (D1Ty) >
Vy, it follows that v,(t) in (16) is negative. This negative
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voltage forward biases the diodes S3 and S4 leading to a
string current iy = —iz. Due to the negative string current,
it is now the VSM string that delivers power in this mode,
and consequently, the inserted VSMs are discharged. Power is
delivered from the VSM string to the dc input source and the
CSM. The time derivative of the inductor current and the total

sum of cell capacitor voltages o7 is calculated as follows:
doZ
C—= =—Ni 17a
T iL (17a)
di, 5
LE =0, — VH — Dyp. (17b)

During the discharge mode, the total sum of cell capacitor
voltages vcz decreases. Once vc2 decreases to the value of Vg,
the voltage across the input terminals of the CSM, vy, is zero.

C. Freewheeling Mode

The freewheeling mode is presented in Fig. 3(c). In this
mode, all four diodes of the CSM conduct current. The path
of the CSM inductor current is graphically shown in Fig. 3(c).
Since all four diodes are conducting, independent current
loops are formed on either side of the CSM. Due to the
independent current loops, in this mode, the string current i g
varies independently of the CSM inductor current iy .

In the representative operating waveforms of Fig. 4,
the string current is shown to damp out to zero during the
freewheeling mode. When the string current is zero, the time
derivative of the CSM inductor current and the total sum of
cell capacitor voltages are given by

doZ

— =0 18
7 (18a)
diy,

— = —0,. 18b
di Vo ( )

Since N cells are inserted in the freewheeling mode, and
N — K cells are inserted in the charge mode, K cells are
bypassed to transition the converter into the charge mode.
Since the string current is equal to zero at the end of the free-
wheeling mode, these switching operations are zero-current
switched.

VI. DYNAMIC-STATE ANALYSIS

In this section, small-signal linearized equations for the
CSM inductor current iy, the output voltage v,, and total
sum of cell capacitor voltages l)cZ are derived. This derivation
follows in a similar manner to that developed in [19] for dc—dc
converters operated in DCM.

The small-signal ac equations for i1, and v, can be obtained
by applying volt-second balance to inductor L and charge
balance to capacitor C,. By using the expressions derived in
(14), (17), and (18) and neglecting nonfirst-order ac terms,
the following are derived:

di . VK .

d—f:dl 7\7 — b, (192)
9o _ 3, _; (19b)
Odl =1L lo

where (%) designates a small-signal quantity.
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Fig. 5. Complete control logic including inner current control, outer voltage control, and capacitor balancing.
Due to the DCM operation of this converter, the small-signal TABLE II
ac equation for DCE can be stated as follows: COMPARING CCM AND DCM FOR A 3750-380-V APPLICATION
Cdif CCM DCM DCM
———=0. (20) Parameter Approach | Approach: | Approach:
N dt . .
of [11] Design 1 Design 2
The result of (20) is consistent with the findings of [19]. -
An expression for the small-signal term 5 as a function of Blocking 4500 3760 3760
ir and d; can be obtained by inspection of Fig. 4, resulting Voltage
in the following:
Number of
s 2N-KN-K . A Switching 8 on/8 off | 4 on/4 off | 4 on/4 off
be = N C D1 Ts(Dyiy, + 21n.dy). (21) Operations per
Fund tal
The controller proposed in Section VII is based on the Plézozjlmen 4
small-signal linearized ac equations of (19) and (20).
o Soft-Switched 8 on 4 on/2 off | 4on/2 off
VII. CONTROL DESIGN e Hard-Switched 8 off 2 off 2 off
Cell Voltage, V. 375 376 752
The controller proposed for implementing the proposed
DCM operational approach is provided in Fig. 5. The mea- Number of 12 10 b
sured inputs to the controller are v,, iy, i,, and the individual VSMs, N

cell capacitor voltages v.; for all i € [1, N]. The outputs of
the controller are the gating signals to the individual VSMs,
gci, Where g ; corresponds to the gating signal to VSM i. The
blocks denoted “PL” and “K;,” denote a proportional integral
control and proportional control, respectively.

The controller regulates the output voltage v, to the ref-
erence value o) by adjusting the time varying duty cycle
d; whose steady-state value is Dj. Based on dj, the gating
signal g1 is generated. The g; and g» functions were defined
earlier in (11).

As can be seen, the total sum of cell capacitor voltages
is not regulated in this controller since the total sum of cell
capacitor voltages is balanced naturally. However, a sort-and-
select technique is employed to ensure that the individual cell
capacitor voltages are balanced with respect to each other.
In this sort-and-select technique, the gating signals g; and
g2 are distributed to the N VSM cells depending on their
relative state of charge. More specifically, the gating signal g;
is distributed to the K cells of greatest states of charge; the
gating signal g» is distributed to the N — K cells of the lowest
states of charge.

VIII. SIMULATION RESULTS

In this section, the steady-state and transient simulation
results are presented for the CS-MMC topology. One envi-
sioned application for the CS-MMC is to interface a future dc
household to a dc distribution grid. Accordingly, the simula-
tions are of a 3.75-kVq4. converter rated for 5.7 kW of power
with an output voltage of 380 V. This represents a step-down
ratio of 9.9:1. The fundamental frequency of the string current
is fac = 5 kHz, where foo = 1/Tj.

For this specific 3.75-kV-380-V application, the CCM- and
DCM-based operational approaches are compared in Table II.
Table II presents the main circuit parameters for three separate
designs, the first design is based on the CCM approach of [11],
and the second and third designs are based on the proposed
DCM approach and referred to as DCM design 1 and DCM
design 2, respectively. In addition, a simulated loss comparison
for the three designs is provided in Appendix C.

In both DCM designs 1 and 2, the number of switched
cells is equal to 2, i.e., K = 2, to provide an unbiased
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TABLE III

MAIN CIRCUIT PARAMETERS FOR SIMULATION
AND EXPERIMENTAL RESULTS

Parameter Sim. Exp. | Unit
Rated Input Voltage, Vi 3750 500 \%
Rated Output Voltage, V, 380 51 A%
Rated Power, P, 5.7 0.72 kW
Fundamental Freq., fguc 5 5 kHz
Cell Voltage, V. 752 104 A%
Number of VSMs, N 5 5 -
VSM Capacitor, C 40 40 n
CSM Inductor, L 5 5 mH
Output Capacitor, C, 200 2500 N
Cells Switched, K 2 2 -

loss comparison. In both the CCM design and the DCM
design 1, the average cell capacitor voltage is maintained to a
voltage value of V. &~ 375 V. From Table II, the DCM design 1
is shown to be advantageous compared with the CCM design
as it features both a lower VSM count and a reduced number
of hard-switched operations.

While the DCM design 1 shows advantages over the CCM
design, as highlighted in Table I, one of the primary advantages
of the DCM approach is that the cell capacitor voltage is
not constrained by the output voltage V,. Therefore, in DCM
design 2, the VSM count is reduced from ten to five VSM
cells. For a five-VSM-cell design, the average cell capacitor
voltage is V. = 752 V. Due to the reduced VSM string
conduction losses expected in DCM design 2, it is DCM
design 2 that is considered in this article.

The detailed main circuit parameters for the simulation and
experimental results are provided in Table III.

A. Steady-State Simulation Results

The steady-state simulation results are provided in Fig. 6.
For these results, an output voltage of v, = 380 V and a load
of 5.7 kW have been considered. The waveforms provided are
similar to those of Fig. 4 but with additional plots for all five
VSM cell capacitor voltages, v¢,1—0c 5, as well as zoomed-in
plots for iy and v,.

As can be observed, the output voltage v, is well regulated
to the reference value of 380 V. The total sum of cell capacitor
voltages vcz is observed to return to an initial value of 3750V,
which is equal to the dc input source voltage Vg, before
the end of each fundamental period. This implies that DCZ is
balanced. The five capacitor voltages v. 1—v. 5 are also shown
to be balanced.

The first fundamental period occurs from f = 0 to 0.2 ms.
By inspection of the individual cell capacitor voltages over
that first fundamental period, it can be inferred that the gating
signal g1 is being distributed to VSM 3 and VSM 5 and g»
to VSMs 1, 2, and 4. Over this fundamental period, the cell
capacitor voltages of VSMs 1, 2, and 4 increase, and the cell
capacitor voltages of VSMs 3 and 5 decrease.
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Fig. 6. Steady-state simulation results.

The total sum of cell capacitor voltages vc2 has an average
value of 3760 V. Consequently, the average cell capacitor
voltage is 752 V, which is similar to that predicted by (7).
This average cell capacitor voltage will vary slightly based on
the converter operating point. The CSM inductor current is
shown to be 15 A with a peak current ripple of 5.6 A. The
string current iy takes on values of i, —iz, and O A in each
fundamental period, which indicates that all three operating
modes (charge, discharge, freewheeling) are realized. It can
also be observed that when the string current i g reaches 0 A,
there is no change to the total sum of VSM cell capacitor
voltages, as expected.

B. Transient Simulation Results

To verify the dynamic performance of the converter, a step
change in the load i, and the output voltage reference v}
are imposed. The results are provided in Fig. 7. Compared
with the steady-state results of Fig. 6, only two of the VSM
cell capacitor voltage waveforms are shown, and an additional
waveform has been provided for the duty ratio term d.

A step change in the load from 1 to 5.7 kW occurs at
t = 1 ms. The system settles within 6 ms. In response to
the step change, the duty ratio dj increases from its steady-
state value of D1. When d; > D, the power delivered to the
input terminals of the CSM is greater than the power delivered
to the load. Conversely, when d; < Dy, the power delivered to
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Fig. 7. Transient simulation results.

the input terminals of the CSM is less than the power delivered
to the load.

In response to the load change, d; nearly instantaneously
increases to a maximum value of d 0.39. This duty
ratio value is greater than the steady-state value of D, and
therefore, the power being delivered to the input terminals of
the CSM exceeds the power being delivered to the load. The
net difference in power results in a net increase in power being
delivered to the CSM inductor. As a consequence, the CSM
inductor current {7 increases. As the inductor current cannot
instantly change, there is a duration of time when the inductor
current is less than the load current, i.e., iy < i,. During this
time, a deficit of power is delivered to the output, resulting
in a decrease in output voltage v,. When the inductor current
is greater than the load current, i.e., iy > i,, an excess of
power is delivered to the output resulting in an increase in
the output voltage v,. Therefore, the inductor current and the
output voltage are coupled, as observed in Fig. 7.

A step change in the output voltage reference v} from
380 to 1.2*380 V is imposed at = 8§ ms and from 1.2%380 to
380 V at ¢ 15 ms. In both cases, the system settles
within approximately 7 ms. In response to the step change
to 1.2*%380 V, d; increases to a maximum value of 0.61,
which causes the inductor current iy to transiently increase
to a value above the load current i,. This difference in the
two currents causes v, to rise to the new reference value of
1.2 %380 V. Conversely, in the response to the step change to
380 V, d; decreases to a minimum value of 0 causing v, to
decrease to the reference.

From the v waveform, it can be observed that o returns
to Vg = 3750 V before the end of each fundamental period.

IX. EXPERIMENTAL RESULTS

In this section, the experimental results obtained from the
laboratory-scale converter system are described. A picture of
the experimental setup is provided in Fig. 8. The steady-
state experimental results are provided in Fig. 9. The transient

time[ms] 15 223

Fig. 8.

Experimental setup. BR denotes the bridge rectifier.

experimental results are provided in Figs. 10 and 11. Simula-
tion results based on the experimental system parameters are
provided in Figs. 9(a), 10(a), and 11(a), which validates the
experimental findings. The input source voltage is 500 Vy,
and the output voltage is variable from 51 to 1.2 %51 V. The
maximum load considered is 720 W. The number of switched
cells is K = 2, and the average VSM cell capacitor voltage
is 104 V. The cells are sorted every second fundamental
period.

A. Steady-State Experimental Results

For the steady-state results shown in Fig. 9, an output
voltage of 51 V and a load current of 13.5 Agc are considered.
A total of five periods are captured in Fig. 9. Note that
the interval from t = 7y to t5 represents one fundamental
period. The following waveforms are provided in Fig. 9(b):
the gating signal to VSM cell 1, g¢1, the VSM 1 cell capacitor
voltage vci, and the string current ig. In Fig. 9(c), additional
waveforms are provided for the input source voltage oy,
the inductor current iz, the output voltage v,, and the voltage
across the input terminals of the CSM oy.

In the charge mode, three VSM cells are inserted. This
imposes a voltage across the input terminals of the CSM
equivalent to two cell capacitor voltages, as shown in Fig. 9(c).
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Fig. 9. Experimental steady-state results: 500/51 V and I, = 13.5 A.
(a) Simulation results for validation. (b) Experimental results. CH1 = v,
CH3 = g¢,1, and CH4 = iy. (c) Experimental results. CHI = vy, CH2 = v,,
CH3 = i1, and CH4 = v.

For the discharge and freewheeling modes, five VSM cells
are inserted, and the voltage across the input terminals of the
CSM, vy, is near 0. Due to the ripple voltage on the VSM cells,
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Fig. 10. Experimental transient results: step change in load 7, from
4.1 to 8.4 Agc. (a) Simulation results for validation. (b) Experimental results.
CHI = v} and CH4 = iy. (c) Experimental results. CHI = vy, CH2 = v,,
and CH3 = ip.

the voltage v is less than O during the discharge operating
mode. It is this ripple voltage on the VSM cells that forward
biases the diode bridge causing the converter to transition into
the discharge mode and the string current i to reverse polarity.
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Fig. 11. Experimental transient results: 20% step change in output voltage

reference V, from 51 to 61 Vgc. (a) Simulation results for validation.
(b) Experimental results. CH1 = vy, CH2 = vy, CH3 = i, and CH4 = o |.

It can be observed that the output voltage v, is well
regulated. The charge, discharge, and freewheeling modes can
also be observed to start at t = fy, t», and f3, respectively.
During the freewheeling mode interval, the amplitude of the
string current iy is not equal to the CSM inductor current i,
and the string current damps out to 0 over that interval. The
two VSM cells that are bypassed to transition the converter
from freewheeling-to-charge mode are, therefore, zero-current
switched. This transition occurs at fy and at 5, for instance.

When gc; is “ON,” the VSM cell 1 is inserted in the
circuit, and conversely, when g.; is “OFF,” the VSM cell
1 is bypassed. During the charge mode, when VSM cell 1 is
inserted, the VSM cell 1 capacitor voltage is seen to increase,
and conversely, when the VSM is bypassed, the capacitor
voltage does not change. All cells are inserted during the
discharge mode. In this mode, the VSM 1 cell capacitor
voltage is seen to decrease.

As the freewheeling operating mode occurs in each fun-
damental period, passive regulation of the total sum of cell
capacitor voltages is achieved.

B. Transient Experimental Results

In the transient results shown in Fig. 10, a step change in the
load from 4.1 to 8.4 A occurs at r = fy. It takes approximately
1.5 ms for the inductor current i; to reach a steady-state.
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The cell capacitor voltage ripple increases by a factor of
approximately 2, as expected, due to the enlarged current
pulses. The capacitor voltage can also be observed to be well
regulated to a value of ~104 V throughout the transient.
The output voltage undergoes a small transient voltage sag
after the step change in load similar to a conventional buck
converter.

In the transient results shown in Fig. 11, a step change in
the output voltage reference from 51 to 1.2 % 51 V occurs.
It takes approximately 60 ms for the system to reach a
steady-state. Since the load is a resistor in this experimental
system, the inductor current increases proportionally from
11.4 to 13.7 A as the output voltage v, increases from
51 to 61 V. The capacitor voltage is shown to be 104 V with
a voltage ripple component that increases with the inductor
current.

X. CONCLUSION

This article proposes a novel operating approach for the
CS-MMC converter based on a DCM of operation. A unique
feature of the CS-MMC is that DCM is determined by
the VSM cell capacitor voltage ripple. In DCM, the VSM
cell capacitors are clamped to the input source voltage V.
This feature is exploited in the proposed DCM opera-
tional approach to achieve passive voltage balancing of the
VSM string.

This work shows that when the CS-MMC is employed for
low output voltage applications, DCM operation is advan-
tageous over CCM operation. Due to the passive voltage
balancing of the VSM string, the controller is of lower com-
plexity, and the number of switching operations is significantly
reduced, half of which are zero-current switched.

In addition, by operating in DCM, a lower VSM cell count
can be achieved since the V. < V, constraint of [11] is
eliminated together with the reduced VSM string blocking
voltage requirement.

APPENDIX

In this section, expressions are derived for the total num-
ber of cells N and the average switching frequency fow.
In addition, a simulated loss analysis is presented.

A. Selecting the Total Number of Cells

The number of VSM cells N should be selected based on
the maximum value of the total sum of cell capacitor voltages
vCE, as given by (15). Accordingly, the number of cells N can
be chosen by the following formula:

N P/HJr AVCZ"‘
Vvsm

(22)
where [-] represents the ceiling function, and Vygswm is the
maximum allowable VSM cell capacitor voltage as constrained
by the VSM switch voltage rating. Recall that an expression

for AVC2 was derived earlier in (8).

B. Average Switching Frequency

To determine the average switching frequency, it is first
necessary to determine the number of switching operations per
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TABLE IV
COMPONENTS CONSIDERED FOR LOSS STUDY

Parameter CCM DCM DCM
Approach | Approach: Approach:
of [11] Design 1 Design 2
VSM Cree C3M0015065D Cree
MOSFETs C3M0016120D
CSM Diode Cree C4D40120D
Inductor, L Vacuumschmelze 6128-X230

fundamental period. The number of VSM switching operations
can be broken down as follows.

1) Charge-to-Discharge Mode: K cells are inserted. This
corresponds to K switches being turned-on and K
switches being turned off.

2) Freewheeling-to-Charge Mode: K cells are bypassed.
Similarly, this corresponds to K switches being
turned-on and K switches being turned off.

Therefore, there are a total of 2k turn-on and 2k turn-off
switching operations per fundamental period. Since the total
number of switches is equal to 2N, the average switching
frequency fsw can be calculated as follows:

fSW_ Nfac- ( )

C. Comparing Losses of DCM and CCM Approaches

This section provides a simulated loss comparison for the
DCM- and CCM-based operational approaches. The losses are
evaluated at the nominal operating point of 3750-380 V and
5.7 kW for the three designs detailed in Table II. For this loss
comparison study, only switch conduction losses, switching
losses, and magnetic losses are considered, which was simi-
larly done in [20]. The losses are simulated with PLECS in the
manner described by [21] based on SiC semiconductors that
are the envisioned switch type for this application. This was
the approach in [22]. The components considered for the loss
study are provided in Table IV, and the results are presented
in Fig. 12.

The total losses for the CCM design, DCM design 1,
and DCM design 2 are calculated to be 84.0, 72.7, and
46.8 W, respectively. Therefore, both DCM-based designs fea-
ture reduced conversion losses compared with the CCM-based
design. In this study, the fundamental frequency of the
string current is limited to 5 kHz to be consistent with the
laboratory-scale converter system. As a consequence, the VSM
switching losses are low relative to the VSM conduction
losses.

In both the CCM design and the DCM design 1, the cell
capacitor voltages are maintained to a similar voltage value
of ~375 V. The total switching loss of the VSM string for
DCM design 1 is calculated to be 0.8 W. This represents a
58% reduction in switching losses compared with the 1.9 W
of switching losses for the CCM design. This is expected due
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Fig. 12.  Loss comparison. Total losses for CCM approach, DCM Design 1,
and DCM Design 2. The simulated operating point is 3750-380 V with 5.7 kW
of power and a fundamental ac frequency of 5 kHz.

to the reduced number of hard-switching operations in the
DCM-based approach.

Comparing the VSM conduction losses across the three
designs shows that the DCM design 2 offers the lowest VSM
string conduction losses. This is a consequence of the reduced
VSM cell count and the extended duration of the freewheeling
mode. Recall that in the freewheeling mode, the string current
rapidly transitions to 0 A; at that point, there are no further
VSM string conduction losses until the next fundamental
period.
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