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Abstract—Medium-voltage direct current (MVDC) systems of-
fer many advantages in a future of renewables and dc loads in-
cluding reducing the number of required power conversion stages.
An enabling technology for MVDC distribution systems will be
high step ratio dc-dc converters with bidirectional power transfer
capability, performing a role similar to ac distribution transform-
ers. The current shaping modular multilevel converter (CS-MMC)
has been proposed for this type of application. This converter
family operates at high effective frequencies, enabled by the elim-
ination of internal string inductors. While foundational work on
the CS-MMC focused on unidirectional, voltage-fed operation,
recent work has demonstrated the bidirectional capabilities of the
CS-MMC when operated as a current-fed converter driven by the
low-voltage side. This article proposes an improved modulation for
the bidirectional CS-MMC that: 1) ensures zero-voltage switching
of the secondary-side switches in forward operation; and 2) mini-
mizes the reverse body diode conduction time to improve efficiency.
This article is also the first to detail a balancing mechanism between
the VSM strings and between the dc-blocking capacitors of the
bidirectional CS-MMC. Peak measured efficiencies of 97.0% in
forward operation and 96.3% in reverse operation are achieved
for a 6 module, 3 kW, 1 kV/100 V prototype.

Index Terms—Current-fed, dc–dc power conversion, modular
multilevel converter, soft switching, solid-state transformer (SST).

I. INTRODUCTION

W ITH the expansion of clean energy technologies
throughout the electrical grid, dc-based distribution is

becoming increasingly competitive with respect to its ac counter-
part. Using dc-based distribution offers the potential to improve
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transmission efficiency and power quality, as well as to reduce
the total number of power conversion stages [2]. To exchange
power between dc networks, a key enabling technology is the dc
solid-state transformer (SST) [3], [4]. The focus of this article
is on dc SSTs for high step ratio applications such as interfacing
a medium voltage dc (MVDC) network and a low voltage dc
(LVDC) system. Examples of LVDC systems include fuel cell
stacks, electric vehicles, and battery energy storage systems
(BESS), many of which require bidirectional power transfer
capabilities.

A state-of-the-art dc SST for high step ratio applications
involves cascading power electronic modules in series on the
higher-voltage side and in parallel on the lower-voltage side.
This arrangement is often termed input-series output-parallel
(ISOP) [5], [6]. Many different topologies can be employed for
the power electronic modules including the dual-active bridge
(DAB), CLLC resonant converter [7], as well as many other
less common topologies [8]. While ISOP structures are well
suited to this application, there are drawbacks including a high
number of switches and magnetics, high control and operational
complexity, and high isolation requirements imposed on some
of the power electronic modules.

The current shaping modular multilevel converter (CS-MMC)
is a recently proposed class of modular multilevel converter
(MMC) which addresses many of the aforementioned chal-
lenges [9], [10], [11]. The CS-MMC has a low switch count
as it scales to high voltages by only adding half-bridges and
requires just a single secondary-side switch stage. In addition,
the isolated CS-MMC in [11] requires just one low-voltage,
high-frequency, three-winding transformer. The control com-
plexity is also greatly simplified with self-balancing of the
voltage source submodule (VSM) capacitors, eliminating the
need for voltage sensors on the individual VSMs. Similar to
the flying capacitor converter, the CS-MMC leverages a fre-
quency multiplication effect whereby the effective frequency
experienced by the transformer and VSM capacitors is greater
than the individual VSM switching frequency. This enables
a reduction in converter volume and cost without leading to
increased switching losses [11].

While some bidirectional dc SSTs with MMC structures
have been proposed based on voltage-fed DAB operating prin-
ciples [12], [13], the CS-MMC uniquely employs a current
source module (CSM) on the lower-voltage side which naturally
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Fig. 1. Circuit topology of the current-fed dual-active bridge.

bounds the transformer current. This allows for the removal
of arm inductors to enable rapid reversal of string currents for
high-frequency operation. A limitation with foundational work
on the CS-MMC, however, has been that it has only considered
voltage-fed, unidirectional operation.

The challenge of implementing bidirectional operation for
the CS-MMC is similar to that of other current-fed topologies
like the current-fed dual-active bridge (CF-DAB), shown in
Fig. 1. Although current-fed converters offer advantages such
as improved fault handling [14] and the ability to generate
pulsed currents for fuel cell applications [15], the presence of
two current sources–the full-bridge inductor L and the trans-
former leakage inductance Llk–complicates the transition be-
tween switching states during reverse operation (from v2 to
v1). In reverse operation, when a secondary-side switch pair
is gated OFF, the difference between the transformer leakage
inductance current and the full-bridge inductor current is forced
to flow through the stray capacitance of the switches, generating
a potentially damaging voltage stress.

Several methods for handling this challenge have been pro-
posed in prior literature. The simplest solution is to utilize a
snubber to limit the stress experienced by the switches [16].
However, the lossy nature of this method makes it generally im-
practical, motivating the development of other hardware-based
approaches such as active-clamps [17], [18], [19] or advanced
topological modifications [20]. While these approaches do of-
fer improvements, they also introduce additional complexity,
increased component stress, and higher costs.

In [21], a novel modulation based approach was proposed
to resolve the voltage spike issue. The approach leverages a
technique to ensure zero-current switching (ZCS) and natural
commutation of the leakage inductance current. When per-
formed correctly, this eliminates the risk of high voltage stress
on the switches all without additional components or losses.

Building on this fundamental concept, several variations of
the modulation in [21] have been presented for a variety of
current-fed topologies [22], [23], [24], [25]. In [26], the modu-
lation is generalized to full-bridge based converters such as the
CF-DAB. In addition, modifications to the original technique
was developed in [27], [28], and [29] which reduce circulating
current for improved efficiency.

In [1], bidirectional power transfer was first demonstrated
in the CS-MMC by employing the ZCS natural commutation
technique in a new current-fed modulation scheme. However, [1]
experiences high body diode conduction losses in forward op-
eration as a result of the gating design of the standard ZCS
technique. Furthermore, [1] does not detail a control mechanism

Fig. 2. Circuit topology of the bidirectional CS-MMC.

to prevent voltage imbalance between the VSM strings and
between the dc-blocking capacitors which can develop as a
result of leakage inductance asymmetry in the three-winding
transformer.

In this article, an improved modulation scheme of the bidi-
rectional CS-MMC is presented which is optimized over the
entire converter operating range. This new modulation modifies
the CSM gating to minimize body diode conduction time while
not interfering with ZCS, mitigating a major loss mechanism
in [1]. Further efficiency improvements are achieved with the
introduction of zero-voltage switching (ZVS) of CSM switches
during forward operation. In addition, a new active balancing
scheme is implemented which ensures voltage balance between
the VSM strings and between the dc-blocking capacitors while
still ensuring ZCS conditions.

This article first presents the topology and fundamental op-
erating concepts underlying the converter. Next the equivalent
circuit model for the converter is described. Afterward, the
article discusses the approach to balancing the voltages of the
VSM capacitors within and between strings, as well as balancing
the voltages of the dc-blocking capacitors. A circuit analysis is
then presented to derive the time-averaged large and small-signal
model, which informs control design in the subsequent section.
Finally, the experimental results are presented followed by the
conclusion.

II. CIRCUIT TOPOLOGY AND STRUCTURE

The topology of the bidirectional CS-MMC is presented in
Fig. 2. The converter interfaces between an MVDC and LVDC
network represented by vH and vL, respectively. It is assumed
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Fig. 3. Waveforms of important quantities in reverse and forward operation over one operating cycle.

that the connection between vH and the converter possesses
some nonnegligible inductance LH .

Similar to the CS-M2IC in [10], the topology features an
upper and lower string of half-bridge VSMs, each connected
to the oppositely wound primary terminals on a three-winding
transformer with turns ratio rt =

Ws

Wp
. The transformer midpoint

is connected to the common node of two dc-blocking capacitors
CH which connect across the medium voltage converter input.
The secondary side of the transformer connects to the full-bridge
of the CSM, and the CSM inductor L directly feeds the low
voltage network.

As described in [10], this arrangement provides galvanic
isolation with flux cancellation of the dc current common to
the upper and lower VSM strings. This feature combined with
the design of the high frequency modulation, allows for excellent
transformer and VSM power density and utilization.

III. BIDIRECTIONAL OPERATING PRINCIPLES

Operation of the bidirectional CS-MMC is designed to
achieve: 1) regulation of power transfer between the MVDC and
LVDC networks; 2) ZCS of CSM switches in reverse operation;
and 3) ZVS of CSM switches in forward operation. This section
will describe the concepts utilized to meet these objectives.

Fig. 3 presents the waveforms of key quantities over one oper-
ating cycle in both reverse and forward operation. The period of
an operating cycle is defined as Ts in Fig. 3. The reciprocal of Ts

represents the frequency seen by the transformer. In Fig. 3, the
variablesnu andnl represent the number of inserted VSMs in the
upper and lower VSM strings, respectively. The variable gs1/s4
represents the gating signal that is common to CSM switches S1
and S4, and gs2/s3 represents the gating signal that is common
to S2 and S3.

It is clear that the waveforms of Fig. 3 (except the CSM
inductor current) are antisymmetric between the first and second
half of the operating cycle, mitigating flux accumulation in the
transformer. By virtue of this antisymmetry, only the first half
of an operating cycle is studied in the following sections. Thus,
converter states in Fig. 3 are only defined in the first half with
their latter half complementary states denoted by an apostrophe
(e.g. 1’ is complementary to 1).

A. Power Regulation

Coordinated modulation of both the primary-side VSMs and
the secondary-side CSM defines power flow in the bidirectional
CS-MMC. Gating of the CSM determines the direction the CSM
inductor current is fed into the transformer, thus defining the
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transformer secondary current is. Gating of the VSMs defines
the voltage across the primary winding of the transformer vp,
which can be a positive, negative, or zero voltage. These two
quantities, vp and is, completely determine power flow through
the transformer.

When the converter is in State 1, CSM switches S1 and S4

are conducting and the transformer secondary current equals
iL. There are N − 2 VSMs inserted in the upper string and
N VSMs in the lower string. Assuming each VSM capacitor
is balanced with voltage Vc = VH/(2N − 2), the transformer
primary voltage equals Vc. This is the power transfer state.

In State 3, all four CSM switches are conducting and N − 1
VSMs are inserted in both the upper and lower VSM strings.
Consequently, there is approximately zero voltage applied across
the primary winding of the transformer making State 3 the zero-
power transfer state. Furthermore, with zero voltage applied to
the transformer leakage inductances, the transformer secondary
current is is maintained at its value from the end of the previous
state as illustrated in Fig. 3. It should also be noted that in contrast
to [1], the modulation approach proposed in this article ensures
that all four CSM switches are actively gated ON in State 3. This
is critical for minimizing body diode conduction losses.

To regulate power transfer, the dc value of the CSM inductor
current IL is controlled. In State 1, the CSM inductor voltage is
rtVc − vL (positive) and in State 3 it is −vL (negative). Thus,
by adjustment of each state’s duration, control of IL is achieved
through volt-second balance. The duty variable d, which takes
on a value between 0 and 0.5, is used to implement this relative
duration as shown in Fig. 3.

It is clear the converter must transition between State 1 and
State 3. However, in the next two subsections it will be shown
that interactions with parasitic elements in the circuit generate
high switching stress if direct transitions are attempted. The
solution will be to insert intermediate states (State 2 and State
4) at the transition to achieve soft-switching which mitigates
switch stress in both reverse and forward operation.

B. Zero-Current CSM Switching for IL < 0

In reverse operation, directly transitioning from State 1 to
State 3 without any intermediate state will result in the trans-
former secondary current is being conducted by the same CSM
switches in State 3 as in State 1. However, these switches open at
the end of State 3 in which case the transformer leakage induc-
tances will force is through their drain-to-source capacitances.
This generates a high voltage stress which can lead to device
failure.

To mitigate high switch stress in reverse operation, it is
required that transitions from State 1 to State 3 ensure: 1)
commutation of the CSM switch currents; and 2) reversal of
the transformer secondary current is as shown in Fig. 3.

In [1], CS-MMC modulation was redesigned to always meet
these conditions to enable reverse operation. This new current-
fed approach inserts a new interval, State 2, at the transition
between State 1 and State 3. In State 2, which is also called the
overlap interval, all CSM switches are gated ON, decoupling the
CSM inductor current iL and transformer secondary current is.

In addition, with all CSM switches ON, the VSM gating defines
the voltage across the leakage inductances, enabling control of
is. By adjusting the duration of State 2 (μTs), the transformer
secondary current is can be reversed so that CSM switch currents
are brought to negative values in State 3 prior to their turn-OFF

events. This permits commutation of any residual switch current
to the body diodes at turn-OFF transitions, thus achieving ZCS.

At the top of Fig. 4, simplified circuit diagrams are shown
depicting the transition process. Current paths are shown in
dashed lines with red indicating a decreasing, green indicating
an increasing, and purple indicating a steady current.

In State 1, CSM switchesS1 andS4 conduct and since IL < 0,
the transformer secondary current is is negative. During State
2, all CSM switches are gated ON so that the VSMs apply a
voltage of Vc to the leakage inductances of the transformer. This
causes the current in S1 and S4 to decrease (red dashed line) and
the current in S2 and S3 to increase (green dashed line). Once
iL has fully commutated to S2 and S3, the converter can enter
State 3 where the VSMs are gated to apply zero voltage to the
transformer stopping is from changing any further.

As illustrated in Fig. 3, there is a minimum duration of μTs

required to ensure ZCS. More specifically, μTs must be long
enough to completely reverse the polarity of is resulting in a
change of magnitude 2|IL|. To calculate this minimum duration,
the rate of change of the transformer primary currents can be
written in terms of the applied voltage divided by the leakage
inductance. This can be referred to the secondary side of the
transformer to yield

dis
dt

=
1

rt

(
vt,U (t)

Llk
+

vt,L(t)

Llk

)
. (1)

As illustrated in Fig. 4, in State 2 the magnitude of the voltage
across the leakage inductances is Vc.

Using these voltages and integrating (1) yields

Δt =
rt|Δis|LLk

2Vc
. (2)

As described previously, the magnitude of the change in trans-
former secondary current |Δis| during the overlap must be at
least 2|IL|. Substituting the duration of the overlap μTs for Δt,
provides a minimum constraint on the overlap variable

μ >
rt|IL|LLk

VcTs
. (3)

The condition expressed in (3) provides the basis for comput-
ing the required duration of State 2 for ZCS to be achieved. If
the duration of State 2 does not meet this condition, current will
still be flowing through the switches when they open, generating
a high voltage stress.

Overestimating the required overlap causes additional current
to circulate in the CSM and VSM strings, leading to higher
conduction losses. Thus, in practical implementation of this
technique, the overlap variable should be chosen to be as small
as possible but with margin to account for parameter estimation
error. Fig. 3 depicts this optimal choice where there is a small
secondary current overshoot at the end of State 2.
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Fig. 4. Simplified diagrams of each converter state.

Fig. 5. Waveforms of switch voltages in hard-switched versus ZVS operation.

C. Zero-Voltage CSM Switching for IL > 0

When operating in the forward direction, the duration of State
2 is reduced to zero as ZCS conditions are always ensured by
the body diodes. However, if State 2 is simply eliminated, the
CSM switches will be turned ON at the same instant the voltage
applied to the transformer terminals is removed. As depicted
in Fig. 5, this does not provide time for the switch drain-to-
source capacitances to discharge, so gating on the switches at this
instant dissipates the energy stored in the CSM drain-to-source
capacitances.

To avoid these losses in forward operation, the proposed
modulation inserts State 4 at the transition from State 1 to State
3 as shown in Fig. 4. In State 4, the turn-ON timing of the CSM
switches is delayed by a small amount εTs. As Fig. 5 shows,
this allows the drain-to-source capacitances to naturally decay
to zero voltage before the switch turns on, thus achieving ZVS
and recovering the CSM capacitive energy.

The minimum duration of State 4 (εTs) needed to achieve ZVS
can be found by studying how the drain-to-source capacitances
discharge in Fig. 5. At the end of State 1, the VSMs apply zero
voltage across the transformer terminals. However, the drain-
to-source capacitances will initially retain their blocking state
voltage. This generates a voltage difference which will appear
across the transformer leakage inductances causing a negative
current to flow through the drain-to-source capacitances. As a
result, the drain-to-source capacitance voltage will fall at an
increasing rate until it reaches zero. This process is equivalent
to one quarter of the resonant period Tr of the drain-to-source
capacitances and transformer leakage inductances, enabling the
following calculation:

εTs >
Tr

4
=

π

2

√
r2tLlkCds. (4)

Relative to VSM gating, the converter must delay CSM switch
turn-ON events by an amount greater than this minimum thresh-
old for ZVS to be achieved in forward operation.
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Fig. 6. Equivalent circuit model of bidirectional CS-MMC with principal
currents highlighted and VSM strings modeled as variable capacitors.

IV. EQUIVALENT CIRCUIT REPRESENTATION

In Fig. 6, an equivalent circuit representation of the bidirec-
tional CS-MMC is shown. In this representation it is assumed
that the VSMs in a string remain balanced, allowing both strings
to be modelled as variable capacitors. Furthermore, the quanti-
ties vΣcU and vΣcL represent the sum of the VSM capacitor voltages
in the upper and lower strings, respectively.

Using this representation, sum and difference quantities of the
converter can be defined

vHf,Σ(t) =
vHf,U (t) + vHf,L(t)

2
(5)

vHf,Δ(t) = vHf,U (t)− vHf,L(t) (6)

vΣcΣ(t) =
vΣcU (t) + vΣcL(t)

2
(7)

vΣcΔ(t) = vΣcU (t)− vΣcL(t) (8)

ipΣ(t) = ipU (t) + ipL(t) (9)

ipΔ(t) =
ipU (t)− ipL(t)

2
. (10)

These definitions enable intuitive interpretations for concepts
such as balancing since it is easy to see that if vΣcΔ(t) =
vHf,Δ(t) = 0 the upper and lower VSM strings and dc-blocking
capacitors are balanced.

In addition, the principal currents ipΣ and ipΔ have very mean-
ingful interpretations. As shown in Fig. 6, the sum current ipΣ
is the current which circulates within the converter on the MV
side and is directly proportional to the transformer secondary
current. Conversely, the difference current ipΔ experiences flux
cancellation in the transformer and flows common to both the
upper and lower strings.

Fig. 7. Converter waveforms with phase-shift balancing in reverse operation.

V. CAPACITOR BALANCING AND STATE MACHINE

Voltage balancing of the dc-blocking capacitors and VSMs is
essential for proper operation. More specifically, the converter
requires voltage balance of the VSM capacitors within and be-
tween the upper and lower strings, as well as between the upper
and lower dc-blocking capacitors. The following subsections
will describe how balancing is achieved.

A. Balancing Between Upper and Lower VSM Strings and
Between Upper and Lower DC-Blocking Capacitors

In an ideal CS-MMC, charge balance of both the dc blocking
and VSM capacitors is passively achieved as a result of the sym-
metric topology and operation. However, asymmetries between
the upper and lower halves of the converter will always exist
due to practical effects such as manufacturing tolerances. These
asymmetries result in imbalances between the upper and lower
half which can negatively impact operation.

To compensate for practical asymmetries, active balancing is
implemented by adding an adjustable phase-shift ϕTs between
the upper and lower VSM gating patterns as shown in Fig. 7. In
an ideal converter, the upper and lower VSM gating patterns
are 180◦ out of phase so that no active power is exchanged
between them. However, by adding an additional phase-shift,
an ac component is created in ipΔ which can be used to control
power flow between the strings.

For example, ifvΣcΔ(t) < 0 the controller can add a phase-shift
of ϕTs as shown in Fig. 7. This generates an ac component in
ipΔ which is in phase with nu and out of phase with nl. This
delivers power from the lower string to the upper string causing
vΣcΔ to increase and restore balance. Note that the phase-shift is
implemented by delaying nu by 0.5ϕTs and advancing nl by
0.5ϕTs so that it does not interfere with ZCS.

As shown later in (25) of Section VI-B, the steady-state
dc-blocking capacitor voltage imbalance VHf,Δ is directly pro-
portional to the voltage imbalance between the upper and
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Fig. 8. State machine modulation scheme with phase-shift balancing for
bidirectional CS-MMC with N = 3 VSMs in each string.

lower strings V Σ
cΔ. Thus, as a consequence of balancing the

VSM strings with ϕTs, the dc-blocking capacitors will also
balance.

B. Balancing Within VSM Strings

To create the desired nu and nl waveforms, each VSM in
a string must be gated with a certain pattern. As some of
these patterns are different, the charge accumulated by VSM
capacitors over an operating cycle will be different, leading to
imbalance. To achieve balancing, a state machine is used to rotate
the gating pattern between VSMs in a string over consecutive
operating cycles. Thus, over N operating cycles, each VSM in
a string will have the same gating pattern (with shifted phases)
resulting in net charge balance.

Fig. 8 shows a state machine for a converter with N = 3
modules. This state machine has 2N = 6 levels in total with
each level comprising a number and the letter R or F. A
single symmetric triangular carrier vtri is used with the state
machine where levels containing R coincide with the rising
edge of vtri, and levels containing F coincide with the falling
edge.

In each level, all of the VSMs are assigned a modulation
index m, which is compared with vtri according to Fig. 8. This
generates the gating pattern g shown in Fig. 9. The number in
each level designates a rotation of the modulation indices given
to the VSMs in a string. For example, in Fig. 8 notice that the
lower VSM assigned 1.0 as its modulation index is rotated for

Fig. 9. Visualization of gating pattern generation for one operating period in
forward operation with ϕ = 0. Duration of εTs exaggerated for visibility.

levels with different numbers (i.e., Level 1R, Level 2R, and Level
3R).

Gating of the CSM also utilizes a state machine (Fig. 8) and
the same carrier vtri (Fig. 9). This enables coordinated gating
of the CSM and VSMs required for bidirectional operation.
However, as there is no rotation of the gating pattern, the CSM
state machine consists of only a Level R and Level F.

An advantage with the state machine approach is that mea-
surements of VSM voltages are not needed, minimizing system
cost and complexity. Also notice that not all VSMs are switched
over an operating period in Fig. 9. This is the frequency multi-
plication effect mentioned earlier.

VI. CIRCUIT ANALYSIS

To inform the design of controllers for power regulation and
phase-shift balancing, time-averaged dynamic models of the
converter must be developed. The first step in the derivation
of these models is to utilize Figs. 3 and 6 to express the
instantaneous state equation of every circuit element during
each interval of an operating cycle. As the relative duration of
State 2 and 4 are negligible compared to State 1 and State 3,
these intervals can be neglected. Furthermore, by using (5)–(10)
the state equations can be expressed in terms of the sum and
difference variables. Finally, by applying state-space averaging
with the small-ripple approximation, the time averaged large
signal model of the converter can be developed as discussed in
the following section. Note that the small-ripple approximation
cannot be applied to ipΔ as this will fail to capture the effect of
the phase-shift balancing.
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A. Time-Averaged Large Signal Model

The following set of equations form the time-averaged large
signal model of the converter. The operator 〈·〉Ts

is used to denote
the average value over an operating cycle.

LH
d〈iH(t)〉Ts

dt
= 〈vH(t)〉Ts

− 2〈vHf,Σ(t)〉Ts
(11)

CH
d〈vHf,Σ(t)〉Ts

dt
= 〈iH(t)〉Ts

− 〈ipΔ(t)〉Ts
(12)

CH
d〈vHf,Δ(t)〉Ts

dt
= − rt〈iM (t)〉Ts

(13)

C
d〈vΣc,Σ(t)〉Ts

dt
= − rtd(t)〈iL(t)〉Ts

+(N−1)〈ipΔ(t)〉Ts

(14)

C
d〈vΣc,Δ(t)〉Ts

dt
= rt(N − 1)〈iM (t)〉Ts

+
2TsVc

Llk
d(t)ϕ(t)

(15)

Llk
d〈ipΔ(t)〉Ts

dt
= 〈vHf,Σ(t)〉Ts

− N − 1

N
〈vΣc,Σ(t)〉Ts

(16)

LM
d〈iM (t)〉Ts

dt
=

rt
2
〈vHf,Δ(t)〉Ts

−rt(N−1)

2N
〈vΣc,Δ(t)〉Ts

(17)

L
d〈iL(t)〉Ts

dt
=

2rtd(t)

N
〈vΣc,Σ(t)〉Ts

− 〈vL(t)〉Ts
. (18)

B. Steady State Relations

By setting the time derivatives of (11)–(18) to zero and
replacing the time-averaged quantities with their dc values, the
following steady state relationships can be found:

VHf,Σ =
1

2
VH (19)

IpΔ = IH (20)

IM = 0 (21)

IH =
rtD

N − 1
IL (22)

Φ = 0 (23)

Vc =
V Σ
c,Σ

N
=

VH

2N − 2
(24)

VHf,Δ =
N − 1

N
V Σ
c,Δ (25)

D =
(N − 1)VL

rtVH
(26)

where (23) is valid only for a perfectly symmetric converter.

C. Linearized Small Signal Model

To derive transfer functions for each control variable, the
time-averaged large signal model (11)–(18) must be linearized.
Replacing each time-averaged quantity 〈x〉Ts

with its dc value

Fig. 10. Control block diagrams for each control variable.

plus a small-signal component X + x̂(t) and retaining only
first-order terms yields the linearized small-signal model

LH
dîH(t)

dt
= v̂H(t)− 2v̂Hf,Σ(t) (27)

CH
dv̂Hf,Σ(t)

dt
= îH(t)− îpΔ(t) (28)

CH
dv̂Hf,Δ(t)

dt
= − rtîM (t) (29)

C
dv̂Σc,Σ(t)

dt
= (N − 1)̂ipΔ(t)− (N − 1)VL

VH
îL(t)−rtILd̂(t)

(30)

C
dv̂Σc,Δ(t)

dt
= rt(N − 1)̂iM (t) +

VL

rtLlkfs
ϕ̂(t) (31)

Llk
dîpΔ(t)

dt
= v̂Hf,Σ(t)− N − 1

N
v̂Σc,Σ(t) (32)

LM
dîM (t)

dt
=

rt
2
v̂Hf,Δ(t)− rt(N − 1)

2N
v̂Σc,Δ(t) (33)

L
dîL(t)

dt
=

2(N − 1)VL

NVH
v̂Σc,Σ(t) +

rtVH

N − 1
d̂(t)− v̂L(t).

(34)

VII. CONTROL DESIGN

Utilizing the Laplace transformation with (27)–(33), the ap-
proximate transfer functions for the duty and phase-shift control
variables can be found as shown in Fig. 10. Properly tuned PI
controllers can effectively stabilize both closed-loop systems
with zero-error tracking.

It should be noted that the phase-shift transfer function is
technically third order. However, it can be shown that the two
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Fig. 11. Photograph of laboratory-scale experimental setup.

TABLE I
CIRCUIT PARAMETERS OF EXPERIMENTAL SETUP

high-frequency poles are sufficiently damped by parasitic resis-
tances provided they are not excited by controller action. This is
ensured by the antialiasing filters, allowing them to be neglected
in the transfer function of Fig. 10.

Control variables μ and ε are calculated by an open-loop
controller designed to meet the conditions for ZCS and ZVS
developed in Section III. As shown in Fig. 10, both μ and ε are
simply equal to a constant multiplied by iL.

VIII. EXPERIMENTAL RESULTS

The experimental setup used for testing of the bidirectional
CS-MMC is shown in Fig. 11. The laboratory-scale prototype
has a rated power of 3 kW and interfaces between a 1 kV and a
100 V dc network (10:1 step ratio). Additional circuit parameters
of this setup are listed in Table I. For sizing and component
selection, the guidelines found in [10] were used.

Fig. 12. Reverse operation oscilloscope waveform capture with overlap and
duty intervals labelled.

A. Steady State Reverse Operation Results

Fig. 12 shows regulation of the CSM inductor current IL =
−20 A in reverse operation without any high switch stress
present. The duty and overlap interval μTs can clearly be seen
in Fig. 12 with the waveforms closely matching the behavior
predicted in theory (Fig. 3). The overlap is most clearly visible
in the leakage inductance voltage waveform (CH3). During the
overlap it can be seen that the secondary current (CH4) reverses
its polarity to reach a magnitude slightly greater than the CSM
inductor current (CH5). The small overshoot of the secondary
current during the overlap is due to the conservative calculation
of μ by the controller as discussed earlier.

Note the small ringing present in the transformer terminal
voltage (CH1) and primary voltage (CH2) waveforms. This is
caused by parasitic resonance between the transformer leakage
inductances and the CSM MOSFET drain-to-source capacitances.
The resonance is excited by step changes in the transformer
terminal voltage applied by VSM gating. Note that this phe-
nomenon is distinct from ringing caused by interruption of an
inductor conduction path. An RCD snubber (parameters listed in
Table I) is installed on the CSM to mitigate the ringing. Further
details regarding snubber design and this phenomenon can be
found in [30].

In Fig. 13, the current of CSM switch S3 (CH3) can be
seen along with its gate-to-source voltage (CH1) during reverse
operation. Notice that the switch current (CH3) is negative
whenever the gate-to-source voltage (CH1) transitions to its
OFF-state voltage. As the small negative current can commutate
to the switch body diode, this confirms ZCS is achieved.

B. Steady State Forward Operation Results

Fig. 14 shows regulation of the CSM inductor current IL = 20
A in forward operation. The transformer terminal (CH1) and
primary (CH2) voltages are shown along with the transformer
secondary current (CH4) and CSM inductor current (CH5). The
duty interval can be seen labeled with the waveforms again
closely matching theory (Fig. 3).
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Fig. 13. Reverse operation oscilloscope waveform capture showing ZCS.

Fig. 14. Forward operation oscilloscope capture with duty interval labeled.

Fig. 15. Forward operation oscilloscope capture showing ZVS.

In Fig. 15, the drain-to-source voltage (CH3) of CSM switch
S3 along with its gate-to-source voltage (CH1) can be seen
with the transformer primary voltage (CH2) during forward
operation. It can be seen that the drain-to-source voltage reaches
zero before the gate-to-source voltage transitions to its ON-state
value, confirming that ZVS is achieved.

Fig. 16. Transient oscilloscope capture showing a transition from reverse to
forward power transfer (−10 A to 10 A) with VSM balancing.

Fig. 17. Experimentally measured efficiencies for various power levels.

C. Transient Results

Fig. 16 shows a –10 A (reverse) to 10 A (forward) transient,
with the CSM inductor current iL (CH3) displayed. Two upper
string VSM capacitor voltages (CH1 and CH2) are also shown.
The CSM inductor current experiences a smooth transition be-
tween the reference setpoints. The VSM waveforms show that
the VSM capacitor voltages always remain close to their nominal
value Vc, demonstrating that the state machine and phase-shift
active balancing are operating effectively.

D. Efficiency

The measured efficiency of the bidirectional CS-MMC in
both forward and reverse operation can be seen in Fig. 17. The
converter achieves peak efficiencies of 97.0% at 2.2 kW and
96.3% at 2.3 kW in forward and reverse operation, respectively.
Similar efficiencies are also maintained over a wide operating
range. It should be noted that the peak reverse efficiency in
Fig. 17 is higher than that found previously in [1]. This is a result
of the new modulation minimizing the body diode conduction
time as described earlier.

IX. CONCLUSION

This article proposes a new variant of the CS-MMC with
bidirectional power transfer capability, making it a fully featured
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candidate for interfacing LVDC and MVDC networks. The pro-
posed current-fed modulation leverages partial soft-switching,
self-balancing of VSMs, and frequency multiplication effects to
enable highly efficient operation in a power dense, cost-effective
structure. Furthermore, the proposed active-balancing between
the converter upper and lower VSM strings and dc-blocking
capacitors successfully prevents imbalance while not interfer-
ing with soft-switching conditions. Experimental results are
presented displaying transient and steady state results obtained
from a prototype operating between 1 kV and 100 V dc net-
works. Recorded maximum efficiencies of 97.0% and 96.3% are
demonstrated in forward and reverse operation, respectively.
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