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Power Flow Control of Bidirectional Modular
Multilevel Resonant Converters in MVDC

and LVDC Distribution Networks
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Abstract—This article proposes a bidirectional modular multi-
level resonant dc converter (BMMRDC) and its power flow control
strategy for medium-voltage dc to low-voltage dc distribution net-
work First, a brief description of the BMMRDC topology structure
is provided, followed by a detailed investigation of its operational
principles under different operating modes. Then, the voltage gain
model is studied, and the relationship between the transferred
power and the operating frequency is precisely built. On this
basis, a bidirectional power control strategy is proposed to adjust
power flexibly by regulating the switching frequency. Furthermore,
the soft-switching behaviors of the medium-voltage side and low-
voltage side devices are analyzed to guide the parameter design
of the converter, enabling soft-switching operation under a wide
range of operating conditions. Finally, a downscaled BMMRDC
prototype is constructed to validate the feasibility of the BMMRDC
topology and the proposed control strategy.

Index Terms—Bidirectional, modular multilevel resonant dc
converters, power flow control, soft switching.

I. INTRODUCTION

IN THE past two decades, the fast growth of renewable energy
generation, energy storage, and electric vehicles has brought

a variety of new dc sources [1], [2], dc storage [3], [4], and
dc loads for the distribution networks [5], [6]. Compared with
the ac system, the dc architecture has the good advantages of
lower power losses, higher capacity, and improved stability to
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Fig. 1. DC distribution grid.

interconnect these dc components, as shown in Fig. 1, and the
dc distribution networks become promising solutions in modern
and future power systems [7], [8], [9].

The topology and control strategies of bidirectional dc–dc
converters have been extensively studied and applied in the
LV field [6], [11], [12]. Nonetheless, the insufficient blocking
voltage of single-power devices would seriously affect their
ability to withstand MV. Conventional LV topologies cannot
extend to the MVDC field [12], [13], [14]. Although some
solutions based on high-blocking-voltage devices have been
proposed for dc converters, they are not suitable for large-scale
commercialization due to their high price.

The mainstream approaches in the MV field include series
connection of LV devices and series-parallel connection of LV
converters [15], [16]. Series connection of devices provides
advantages such as fewer switches and lower losses. However,
during the transient process of turn-ON and turn-OFF, the dv/dt
can reach tens of kV/μs, affecting the operational stability.
Moreover, the voltage imbalance among series devices is another
urgent problem in practical operation [17], [18]. The scheme
based on the framework of LV converter modules with input
series and output parallel connection has been widely applied in
the MV field, which provides LV and power stress for modular
design and manufacturing of single devices [19]. However, com-
plex control strategies are essential for effectively addressing
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the voltage and current balancing challenges in the converter.
Furthermore, the high-frequency transformers in each module
pose obstacles to enhancing power density and efficiency [20],
[21], [22].

Modular multilevel converters (MMC), which have achieved
success in high-voltage power transfer systems, possess the
advantages of flexible power control, high scalability, high effi-
ciency, and high reliability [23]. The MMC-based dc–dc topolo-
gies have also attracted significant interest in MVDC distribution
networks. The MMC was integrated with the dual active bridge
(DAB) structure [24] to achieve bidirectional energy flow and
incorporate voltage balancing in the modulation process [25].
However, the application of DAB faces large challenges due
to the high current stress during the turn-OFF process and the
limitations of operating frequency and transfer inductance on
power transfer. This is particularly evident in cases of high step
ratio, where the transfer inductance significantly limits the power
of the converter.

The integration of the MMC with resonant converters offers an
effective solution for mitigating switching losses by utilizing the
leakage inductance of high turns ratio transformers as resonant
inductors [26], [27]. This approach allows the converter to
achieve power transfer that is not limited by transfer inductance.
However, the presence of an uncontrollable diode rectifier limits
bidirectional power flow [28]. To solve this problem, a converter
structure with a series connection of single valves was proposed
[29], but it functions similarly to the DAB topology and does
not effectively address switching losses. An improved method
was described in [30] to reduce losses by using resonant charac-
teristics, but it mainly involves two unidirectional transfers and
lacks the ability to continuously adjust the power flow direction
in the converter.

To reduce device losses during power transfer in the converter
and achieve bidirectional power transfer, a bidirectional modular
multilevel resonant dc converter (BMMRDC) and its power
flow control strategy are proposed in this article, where the
MV side is composed of a series of submodules (SMs) and
the LV side employs controllable switching devices. The gain
of the LLC resonant network can be modified by adjusting the
operating frequency, and thus the power flow can be flexibly
changed between the MV side and LV side. Furthermore, the
soft-switching characteristics of the converter and its boundary
conditions are investigated in detail to guide the converter de-
sign. In this manner, the soft switching of devices in MV and
LV sides can be achieved in the full power operating range.

The rest of this article is organized as follows. Section II
introduces the circuit structure, modulation methods, and op-
erational principles of the converter as a fundamental part of
this article. Section III analyzes the gain expression of the
converter and proposes the power flow control strategy. Then,
the soft switching of the converter is investigated to guide the
design of circuit parameters for efficient operation. In Sec-
tion IV, the feasibility of the proposed control strategy and
the soft-switching characteristics of the device are verified by
simulation, and a 4.5-kW downscaled prototype is built for
experimental verification. Finally, Section V concludes this
article.

Fig. 2. Bidirectional modular multilevel resonant DC–DC converter.

II. FUNDAMENTALS OF PROPOSED BMMRDC

A. BMMRDC Topology

As shown in Fig. 2, the BMMRDC consists of three parts: the
MMC converter, the resonant structure, and the secondary-side
rectifier. The medium-voltage side of BMMRDC topology is
composed of split capacitors and two stacks of SMs that replace
switching devices of the traditional half-bridge resonant con-
verter, which facilitates the conversion of MVDC to ac and it has
the combination advantages of modular multilevel circuits and
LLC resonant converters. The composition of each stack remains
constant, including N SMs and arm inductors Lk. Besides, Lr is
the resonant inductance which is composed of the arm inductor
and the transformer leakage inductor. The resonant unit consists
of the resonant inductor, resonant capacitor Cr, and excitation
inductor of the transformer Lm. Besides, the transformer ratio
is n. The secondary side of the transformer is connected to the
H-bridge as a controllable rectifier. In addition, the full-bridge
structure composed of IGBTs on the secondary side of the
transformer can achieve bidirectional power transfer. Compared
with the H-bridge type or three-phase type MMC, the half-bridge
MMC structure can significantly save the number of SMs by
more than half, and thus reduce the switching devices, circuit
cost, and operation losses. The split dc capacitors are installed to
absorb the high-frequency current ripple, and thanks to the high
operation frequency, such as 10 kHz, the dc capacitance is much
smaller than that in the 50-Hz systems with the same power
rating. Similar to the conventional LLC resonant converter,
the BMMRDC possesses two resonance frequencies given as
follows:

fr =
1

2π
√
CrLr

(1)

fm =
1

2π
√

Cr (Lr + Lm)
(2)

where the operation frequency is designed between fm and fr to
ensure the inductive impedance of the resonant unit.
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Fig. 3. Quasi-square wave modulation of the BMMRDC converter.

Fig. 4. Control signal of the BMMRDC converter.

The quasi-square wave modulation method can achieve a high
voltage utilization and mitigate the high dv/dt on the transformer
and devices [31]. The quasi-square wave can be easily generated
by utilizing a small phase shift angle among the SMs switching
signals, as shown in Fig. 3. Meanwhile, the LV-side H-bridge is
driven by a signal with a specific duty cycle D, defined as D =
fr/2fs and fs is the operating frequency. The control signals of
the MMC unit and the H-bridge module are shown in Fig. 4. The
duty cycle D varies only depending on the operating frequency fs
of the converter and is positively correlated, but always less than
0.5. When all SMs are inserted in the upper arm, the secondary-
side switches T1 and T4 are turned ON. Similarly, when the lower
arm SMs are engaged, T2 and T3 are turned ON.

Generally, the high-frequency operation can reduce the vol-
ume and weight of passive elements and improve the system
power density. In the MVDC to LVDC conversion system, the
voltage step ratio is very large, such as 10 kV to 400 V, where the
leakage inductance of the transformer would be large. Hence, it is
better to configure the converter work in resonant mode to utilize
the large leakage inductance, rather than the DAB structure.
Meanwhile, as the rated frequency increases, the dimensions
of the high-frequency transformer will decrease. To simplify
the analysis, the rise and fall processes of the arm voltage are

approximated as linear diagonals. The rest of the assumptions
are as follows.

1) All components are assumed to be ideal.
2) The terminal voltage of LV and MV remains stable.
3) The capacitances of SMs are uniform and the inductance

of both arms remains equal.
The assumption that all devices may be treated as ideal cases

ignores the effect of parasitic parameters of devices on the
analysis, as well as the impact of changes in the values of passive
components due to current variations. To consider all the SMs as
identical states, the capacitance of SMs is required to be identical
and SMs have no voltage ripples.

B. Operation Mode

The BMMRDC can be categorized into three modes de-
termined by the direction and magnitude of transfer power:
forward mode, zero power mode, and reverse mode, as shown
in Fig. 5(a)–(c), respectively. Forward transfer power is defined
as the power flow from the MV side to the LV side. The transfer
power increases by decreasing the switching frequency. At low
operating frequencies, the secondary-side rectifier unit operates
similarly to a synchronous rectifier. As the operating frequency
of the BMMRDC increases, the transfer power of the converter
decreases. When the switching frequency is increased beyond a
certain value, the transferred power becomes negative. Then, the
BMMRDC automatically enters reverse mode, where the power
is from the LV side to the MV side.

1) Forward Operating Mode. Mode 1[t0–t3]: MMC SMs
switching completes at t0. Then, the equivalent voltage on the
MV side is 0.5Vm, whereas the voltage on the LV side is Vl.
The primary current starts to resonate, and the excitation current
linearly increases simultaneously. The currents in the upper and
lower arms reverse their directions at t1 and t2, respectively. The
lower switches of the upper arm SMs and the upper switches
of the lower arm SMs realize zero-voltage switching (ZVS)
turn-ON. This mode continues until t3 when the primary current
is equal to the excitation current. In this mode, the state equation
of the circuit can be written as{

Cr
dvcr(t)

dt = ir (t)

Lr
dir(t)
dt = 1

2Vm − vcr (t)− nVl

(3)

where vcr is the voltage of the resonant capacitor and ir is the
primary current.

Mode 2[t3–t4]: At t3, the primary current is equal to the exci-
tation current and Lm starts to involve the resonance, resulting
in zero current flow on the secondary side of the transformer.
The current in the H-bridge is zero, allowing the zero-current
switching (ZCS) of the devices to turn OFF. The state equation
of the circuit in this mode can be expressed as{

Cr
dvcr(t)

dt = ir (t)

(Lr + Lm) dir(t)
dt = 1

2Vm − vcr (t)
. (4)

Mode 3[t4–t5]: At t4, the working state of the upper and lower
arms are exchanged. The SMs of the upper arm are inserted and
the SMs of the lower arm is bypassed. The equivalent voltage
on the MV side begins to decrease until it reaches 0.5 Vm.
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Fig. 5. Key operational waveforms of the BMMRDC in three operating modes. (a) Forward operating mode. (b) Zero power operating mode. (c) Reverse operating
mode.

Simultaneously, there is no current flow on the secondary side
throughout the entire mode. In this mode, the state equation of
the circuit can be written as

{
Cr

dvcr(t)
dt = ir (t)

(Lr + Lm) dir(t)
dt = 1

2Vm − Vm

dTs
(t− t4)− vcr (t)

. (5)

Hence, the analysis of the operating principle for the first-half
cycle has been finished and the same analysis approach can
be applied to the rest of the period. The proposed BMMRDC
maintains a positive power transfer throughout the complete
cycle.

2) Zero Power Operating Mode. Mode 1[t0–t2]: The con-
verter initiates resonance at t0. The gain of the resonant network
is influenced by the operating frequency. At the start of the
period, a negative resonant current is generated that is lower
than the excitation current. Energy transfers from the LV side to
the MV side. At t1, the devices of SMs achieve ZVS. Then, the
resonant current reverses, causing the secondary side current to
flow through the diode and enabling the reverse flow of energy.
In this mode, the state equation of the circuit also can be written
as (3).

Mode 2[t2–t3]: At t2, the resonant current gradually decreases
while the excitation current increases. Eventually, they become
equal, achieving ZCS turn-OFF of diodes DH1 and DH4 in the
H-bridge. In this mode, the state equation of the circuit is the
same as in (4).

Mode 3[t3–t4]: The equivalent voltage at the MV level shifts
from 0.5Vm to −0.5Vm, finishing the upper and lower arms
switching process. During t3–t4, the secondary side current
keeps at zero, and no energy is delivered. The state equation

of the circuit in this mode can be expressed as

{
Cr

dvcr(t)
dt = ir (t)

(Lr + Lm) dir(t)
dt = 1

2Vm − Vm

dTs
(t− t3)− vcr (t)

(6)

where d represents the percentage of the arm alternation time
and Ts is the resonant period.

The power transfer magnitude depends on the gain of the
resonant unit. During the time interval from t0 to t1, the energy
flow direction is negative. Then, the energy flow direction is
reversed between t0 and t1. The converter is in current dis-
continuity mode from time t1 to t2 and the energy does not
flow through the converter. At a specific operating frequency,
the energy transmitted in both directions is equal, indicating no
transfer of power between the MV side and the LV side.

3) Reverse Operating Mode: Mode 1[t0–t4]: At t0, similar
to the previous analysis, the arm SMs switching is completed
and resonance is initiated. The currents in the two arms are,
respectively, reversed at t1 and t2 to achieve the ZVS of the device
of the SMs. At t3, the resonant current exceeds the excitation
current, causing a change in the current on the secondary side.
The current on the secondary side increases before alternating
the upper and lower arms. During t0–t4, the BMMRDC only
transfers reverse energy.

Mode 2[t4–t5]: After t4, the equivalent voltage of the mod-
ular multilevel circuit begins to decrease linearly. The primary
current decreases as the equivalent input voltage of the resonant
unit falls, until it reaches the value of the excitation current,
with a slope of −Vm/dTs. The state equation of the circuit can
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Fig. 6. Steady-state equivalent circuit of the BMMRDC.

be written as{
Cr

dvcr(t)
dt = ir (t)

(Lr + Lm) dir(t)
dt = 1

2Vm − Vm

dTs
(t− t3)− vcr (t)

. (7)

Mode 3[t5–t6]: The primary current is equal to the excitation
current, and thus the excitation inductance participates in reso-
nance. At t5, the secondary current flowing through the diode of
T2 and T3 is reduced to zero to achieve the ZCS OFF. Until t6,
the upper and lower arms complete the switching process, which
represents the end of this mode. In this mode, The circuit’s state
equation is expressed as follows:{

Cr
dvcr(t)

dt = ir (t)

Lr
dir(t)
dt = 1

2Vm − Vm

dTs
(t− t4)− vcr (t) .

(8)

According to the analysis mentioned above, the physical
quantities of the converter in different modes have been deter-
mined. The soft-switching behavior of the device in the SM
occurs when the direction of the arm current changes and that
in the H-bridge happens due to the secondary side current being
zero. As the operating frequency increases, the reverse energy
also increases.

III. PROPOSED POWER FLOW CONTROL OF BMMRDC

A. Proposed Power Flow Control

The steady-state equivalent circuit of the BMMRDC is shown
in Fig. 6. The fundamental component method is widely em-
ployed for circuit analysis [32], which can simplify both the
inverter and rectifier sections.

In the forward operation mode, it operates similarly to a
unidirectional resonant converter. In this mode, the LV source
acts as an external load, representing the actual power of the
converter. By applying the fundamental wave to the analysis,
the gain expressions for the low and medium voltage sides can
be derived through the fundamental principles of circuit analysis.
When the LV side current Ilv>0, the relationship between the
operation frequency and the quality factor of the BMMRDC is
given as follows:

2nVl

Vm
=

1√(
1 + 1

k − 1
kf2

n

)2

+Q2
(
fn − 1

fn

)2
(9)

fn = fs/fr (10)

where fn refers to the equivalent frequency, k is the inductance
ratio, and Q is the quality factor that is defined as follows:

Q =
π2Ilv

√
Lr/Cr

8n2Vl
(11)

k = Lm/Lr. (12)

Power is determined by the current while keeping the voltage
constant on both the MV side and the LV side. The essence of
the method is to change the equivalent impedance on the LV
side, resulting in a change in the transferred power. The voltage
gain is maintained at a constant level, whereas the converter
power is regulated by adjusting the gain of the resonant unit. A
positive correlation exists between the current on the LV side
and the quality factor Q, as shown in (11). Consequently, once
the converter operates under a light-load condition, the energy
backflow occurs. The expression (9) requires further analysis to
derive the gain expression.

The phase angle between voltage and current on the secondary
side of the transformer is no longer consistent under light-load
situations. This is due to a change in the gain of the resonant unit,
which results in a shift in the equivalent load on the low-voltage
side from resistance to impedance. During the half period, the
amplitude of the resonance current is no longer always larger
than the amplitude of the excitation current. The direction of the
secondary current will be negative at first. Then, the direction
of the current changes to positive. The power direction and
magnitude of the total converter are determined by the net value
of positive energy and negative energy. The expression for the
equivalent impedance Ze is given as

Ze =
ucd

icd
=

8n2Vl cosϕ

Ilvπ2
∠ϕ (13)

where ucd and icd are the fundamental wave component of
the secondary side voltage and current, respectively. The phase
shift angle ϕ represents the phase angle difference between the
secondary voltage and current. The expression for the power
factor angle of Ze is a transcendental equation [11], which cannot
obtain an analytical expression and the numerical results are
calculated with specific parameters.

Similarly, the gain in this mode can be obtained from the
relationship of the equivalent circuit as follows:

H (jω) =
Ze||jωLm

n2Ze||jωLm + jωLr +
1

jωCr

. (14)

Thus, the relationship between the equivalent impedance,
which is determined by quality factor Q, and the operating
frequency can be developed as (15). It is noted that the power
shift angle ϕ is dependent on the LLC resonant unit parameter,
power flow, and operating frequency.

When the power shift angle ϕ is zero, the power is always
transmitted from MV to LV, which is consistent with (9). When
the power shift angle ϕ is in the range of 0°–90°, the converter
can still maintain the direction of the power flow positive. As
the power shift angle further increases between 90° and 180°,
the direction of power flow changes to negative. Thus, the power
shift angle ϕ affects the direction of the power flow. Adjusting



LI et al.: POWER FLOW CONTROL OF BIDIRECTIONAL MODULAR MULTILEVEL RESONANT CONVERTERS 1173

Fig. 7. LV-side current versus fs when Lr = 1.45 mH, Cr = 119 nF, and k =5.

the power shift angle essentially means adjusting the switching
frequency.

The relationship between the secondary current and the nor-
malized operation frequency is clearly shown in Fig. 7. As a
consequence of the variation of the operating frequency, the
operational mode of the converter undergoes a corresponding
change, thus, it becomes necessary to make use of (12) and
(15) shown at the bottom of the this page, to ascertain the
theoretical value of the LV-side current. The operational con-
ditions are 10 kV on the MVDC and 400 V on the LVDC,
respectively. Furthermore, the resonant inductance is 1.45 mH,
the resonant capacitance is 119 nF, and the inductance coefficient
k is 5. The BMMRDC can operate flexibly in both forward
and reverse modes by adjusting the switching frequency. The
two curves are the theoretical calculations of the modeling and
the simulation results, respectively. The difference between the
calculation and simulation results is mainly due to the neglect
of the high-frequency component in the modeling process. In
addition, the maximum error between the simulation and the
calculation is only 5.2%. Consistent with theoretical analysis, as
the operation frequency increases, the power transfer behavior
of the converter is affected, which is approximately linear to the
operation frequency.

Effective control of the converter is essential to ensure its sta-
ble operation and regulated power transfer. The control strategy
plays a pivotal role in the system. Fig. 8 shows the proposed
structural diagram of the power control strategy. The control-
lable elements consist of the MMC unit and H-bridge unit with
synchronized control timers.

In the above analysis, a mathematical model between the
transferred power of the converter, operating frequency, and
power shift angle is obtained, based on which a control strat-
egy for power flow can be obtained. As shown in Fig. 8, the
switching frequency of the converter can be determined through

Fig. 8. Control block diagram of BMMRDC.

a proportional-integral regulator by comparing the power ref-
erence Pref with the output voltage Ulvdc and current I2. The
voltage and current can be also measured from the MV side.
To ensure the stable operation of the converter, the operating
frequency obtained by the controller needs to be limited within
the desired range. The duty cycle for the H-bridge can be
calculated according to the resonant frequency and operating
frequency. Then, voltage balancing among capacitors of the SM
is achieved through a voltage balancing algorithm in modular
multilevel units.

B. Soft-Switching Analysis

All the devices in the LV-side full bridge can achieve the ZCS
with appropriate parameter design and the mentioned modu-
lation strategies. In the half-bridge SM on the MV side, the
currents of the arm can be divided into a dc component and an
ac component. Then, the upper and lower arm currents ip and in
can be expressed as {

ip = 1
2 ir + idc

in = − 1
2 ir + idc

(16)

where idc is the ac component of the string current.
1) Soft Switching of the Half-Bridge SMs: When the SMs are

inserted one by one if the arm current direction is positive, the
current will flow from the switch S2 to the diode D1, where S2 is
the IGBT of the lower device in the SM and D1 is the diode of the
upper device. Hence, the voltage of S1 which is the IGBT of the
upper device in the SM decreases to zero to facilitate ZVS-ON,
as shown in Fig. 9(a). Similarly, when the SMs are bypassed
from the inserted status, if the arm current direction is negative,
the current will flow from switch S1 to diode D2 which is the
diode of the lower device. It means the voltage of S1 is zero
at the string current changing direction to realize ZVS-ON, as
shown in Fig. 9(b).

The ability of SM devices to achieve soft switching is deter-
mined by the arm current direction of the switching point, which
is different from the LLC converter. Under heavy load condi-
tions, the possibility of soft switching would be lost due to the
large dc bias current, as shown in Fig. 10. The high amplitude of

2nVl

Vm
=

1√(
1 + 1

k − 1
kf2

n

)2

+ 2Q tanϕ
(
fn − 1

fn

)(
1 + 1

k − 1
kfn

)
+
[

Q
cosϕ

(
fn − 1

fn

)]2 . (15)
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Fig. 9. Switching description of the inserted and bypassed states. (a) Inserted.
(b) Bypassed.

the dc component is responsible for the failure of soft switching
in both forward and reverse modes. However, it is worth noting
that in the light load condition shown in Fig. 10, both transfer
modes exhibit favorable soft-switching behaviors. Fig. 11 shows
the arm currents at different switching instances corresponding
to various inductance ratios under power operating conditions
ranging from −80 to 80 kW.

The soft-switching behaviors are related to the dc bias and
excitation current im. Thus, the specific expression for the rela-
tionship between the two currents is as follows:

|idc| < 1

2
|im,amp| (17)

where im,amp is the amplitude of the excitation current, which
is related to the voltage of excitation inductance and its value as
described in the following equation:

im,amp =
nVl

4Lmfs
. (18)

The dc component idc can be calculated from the transferred
power and voltage.

The excitation current is determined by the excitation in-
ductance, based on (17), and (18), so the boundary expression
for achieving soft switching, under maximum power operating
conditions can be expressed as follows:

nVmVl

8Pfs
> Lm. (19)

2) Soft Switching for the LV-Side H-Bridges: The steady-
state waveform diagram of the operation has been previously
discussed above. During positive power operation, the current
flows through the antiparallel diode, which means the soft
switching of the device can be achieved.

As shown in Fig. 5, the soft-switching behavior would be
achieved if the secondary current ir2 is reduced to zero during
the arm alternating period in reverse operation. Before the end
of the half period, reducing the secondary current ir2 to zero, the
device in the H-bridge can obtain ZCS. Therefore, the following

Fig. 10. Operation waveforms of the MMC unit. (a) SMs lose ZVS in forward
mode. (b) SMs achieve ZVS in forward mode. (c) SMs lose ZVS in reverse
mode. (d) SMs achieve ZVS in reverse mode.

equation should be satisfied:

Ts

2
− t5 > 0. (20)

The losses of the device are calculated based on its parameters,
which are divided into conduction and switching losses for SM
devices and conduction losses for H-bridge devices. Thus, the
calculation expression is shown in the following equation:

Ploss = PSM,con + PSM,sw + PH,con. (21)
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Fig. 11. Situation of the SMs switching devices achieving soft switching under
different power and inductance ratios. (a) Upper devices of the SM. (b) Lower
devices of the SM.

Besides, the switching devices have a voltage drop during
conduction and have switching losses related to the voltage and
current.

The previous section discussed the composition of device
losses in the MMC unit. Thus, soft-switching behavior can be
achieved by optimizing the circuit parameters, but it is still chal-
lenging to avoid losses during device turn-OFF. The arm current
flows through two paths, the IGBT and the diode. Nevertheless,
the current is sustained on these two elements for disparate
periods, thereby giving rise to losses associated with the duration
of the current. Therefore, the expressions for the device of the
MMC unit and H-bridge are provided as

PSM,con = PS,con + PD,con = 2αNVT Iarm

+ 2(1− α)NVF Iarm (22)

PSM,sw = PS,sw = 4NfsET,OFF(Iarm, Uc) (23)

where Iarm is the average value of the arm current, α represents
the duration of the current flowing through the IGBT, VT and VF

can be found in the datasheet, and ET, off is the element about
turn-OFF losses of IGBT. Power flows through the diode during
the forward operation, resulting in losses, given as

PH,con = 4VF Ir2 (24)

where Ir2 is the root mean square (RMS) of the secondary
current.

The main loss difference between reverse and forward mode
is the distribution of device losses in the H-bridge. The device
still maintains the ZCS behavior. However, the current passes
through both the IGBT and the diode in one period. The losses
generated by diodes and IGBTs are related to the power shift
angle ϕ, which influences the duration time of current flow
through IGBT. Thus, the conduction losses are the sum of the
losses of both devices. The expression is presented as

P ′
H,con = 2

π − ϕ

π
VF Ir2 + 2

ϕ

π
VT Ir2. (25)

Device losses play a crucial role in the overall efficiency
losses. Calculate the efficiency losses caused by the device at
80 kW power transfer, excluding losses due to parasitic parame-
ters and transformer effects, the efficiency of the forward mode
and the reverse mode has been determined to be 98.1% and
97.9%, respectively. Due to the energy backflow, the efficiency
in reverse mode is less than in forward mode.

C. Design of the LLC Resonant Unit

The resonant unit must operate in the inductive region to
achieve the soft-switching behavior of the H-bridge circuit. If
the resonant network has a purely resistive characteristic, then
the network is located at the boundary between the inductive
and the capacitive regions. Hence, this is the maximum quality
factor that ensures the resonant unit works in the inductive
region. The expression relating the quality factor and the nor-
malized frequency is given as follows:

Qz (k, fn) =

√
1

k + kf2
n

−
(

1

kfn

)2

. (26)

When operating at the boundary of the resonant unit
impedance characteristic, the relationship between the minimum
operating frequency, voltage gain, and inductance ratio is given
in the following equation:

fn,min =

√
1

1 + k(1− ( Vm

2nVl
)
2
)
. (27)

The expression given in (27) can be used to determine the
minimum operating frequency fn,min of the converter. Using
the equation for the quality factor, the parameters of the resonant
unit can be calculated by an iterative method.

Fig. 12 shows the procedure of the parameter design for
the resonant unit. First, the ratio of the transformer and
resonant frequency are determined. The inductance ratio k
is typically chosen between 3 and 8. Then, the maximum
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Fig. 12. Program diagram for transformer parameter design.

quality factor Q is calculated according to (26). Further-
more, the resonant capacitance and resonant inductance are
then determined by the maximum transmitted power and the
equivalent impedance. The validity of the parameter is as-
sessed by examining its soft-switching behavior in forward
mode. If the soft-switching behavior is satisfied, the subse-
quent steps are executed. Otherwise, a new inductance ratio
should be tuned again. Finally, it is verified whether the max-
imum transfer power can be transmitted in the reverse transfer
mode.

The circuit parameters exert influence on the power regulation
of the converter, particularly regarding the passive components
of the resonant unit. The 3-D plot of the variation of the operating
frequency for a 10% fluctuation in the values of the resonant pa-
rameters is plotted at the maximum transmitted power, as shown
in Fig. 13. An increase in the parameter results in a reduction
in the operating frequency due to a decrease in the resonant fre-
quency and vice versa. Furthermore, an increase in the parameter
also affects the gain of the resonant unit. To maintain a constant
voltage gain, it is necessary to reduce the operating frequency. A
20% change in capacitance value is the end-of-life of the device.
However, in practice, the limit for the end-of-life of the capacitor
is a 10% change in value, considering the overall reliability of the
application [33].

Fig. 13. 3-D diagram of the effect of resonance parameters on operating
frequency.

TABLE I
COMPARISON RESULTS OF DIFFERENT SCHEMES

D. Comparison With Different Control Strategies

In this section, a thorough comparison is conducted among
the control strategy in [26], [30], and [34] and the proposed
strategy. The comparison is performed in terms of the power
bidirectional, the continuous power control, and the range of the
soft switching. Considering the performance and cost of existing
commercial devices, the IKW40N120CS6 and FF450R12ME4
semiconductor switches are chosen as the power switches for
MV side SMs and LV side H-bridge for the converter, respec-
tively.

The converter has different power transfer characteristics
under different control strategies, summarized in Table I. It
can be obtained that the approach proposed in [26] does not
support bidirectional power transfer, and the method used in
[30] requires changing the control strategy when the power is
reversed. Therefore, it would be difficult to continuously control
the transferred power, and the control scheme in [34] has a small
soft-switching range, which could make the device loss severe.
The control strategy proposed in this article could perform better
in these dimensions.

The device losses are calculated under the 10 kV/80 kW
operating conditions with the control strategies in [30] and [34]
and the method in this article, respectively, as shown in Fig. 14.
The soft-switching behavior over a wider operating range can
reduce the switching losses by more than 50%, whereas the
reduction of the arm RMS current during operation further
reduces the conduction losses.
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Fig. 14. Power losses breakdown of three schemes.

TABLE II
PARAMETERS OF SIMULATION

IV. SIMULATION AND EXPERIMENT.

A. Simulation Results

A simulation of the BMMRDC is constructed in the PLECS
platform to demonstrate the effectiveness of the proposed con-
trol strategy and parameter design. The circuit parameters are
provided in Table II. The voltage of the MV side is 10 kV, the
voltage of the LV side is 400 V, and the maximum bidirectional
power is 80 kW.

To simplify the analysis, the power switches and passive com-
ponents are assumed to be ideal. Fig. 15 shows the steady-state
operation waveform of the converter, including the voltage and
current of the arm and primary current. Fig. 15(a) and (b) shows
the operating waveforms at 80 kW and −80 kW, respectively.
Under the 80-kW load condition, the dc component of the arm is
positive. Taking the upper arm as an example, keeping the arm
current negative at the switching point of the arm can ensure the
lower side switches of the SMs achieve ZVS-ON when the SM
is bypassed.

The operation at maximum transfer power satisfies the soft-
switching condition for the entire forward mode. This is con-
firmed by the relationship between the arm voltage and current
shown in Fig. 15(a). Furthermore, it should be noted that the
resonance current and excitation current are equal every half
period. This indicates that the current in the H-bridge device
is zero during they are turned OFF, which ensures the ZCS-OFF

Fig. 15. Arm current and voltage under different load conditions. (a) 80 kW
load condition. (b) −80 kW load condition.

behavior. In reverse mode, the dc bias of the arm current is
negative, which presents a challenge for the upper devices of
the SMs to achieve ZVS-ON. Therefore, maintaining a positive
current in the arm at the SM switching time can overcome this
problem, as shown in Fig. 15(b). During arm alternating, the
current on the secondary side is reduced to zero, verifying the
ZCS-OFF behavior of the device.

Fig. 16 shows the simulation waveforms of the BMMRDC
during dynamic operation, the MVDC and LVDC terminal
voltages are considered constant. The curves are the dynamic
waveform of the LV side current, excitation current, and primary
side current under the load condition from 80 kW to −80 kW.
Thus, it is demonstrated that the power flow of the BMMRDC
can be adjusted over a wide range. In addition, the converter has
a fast dynamic response, allowing for power flow changes in less
than 15 ms. The reason for the decrease in excitation current is
the increase in operating frequency. However, this phenomenon
would be detrimental to the acquisition of soft switching for the
MMC unit.

Fig. 17 shows the voltage waveform of the bridge arm SM
within the simulation model. The ripple voltage of the SM is
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Fig. 16. Dynamic load shedding simulation waveform under continuous
power conditions.

Fig. 17. Simulation waveform of SM voltage in the forward mode of two arms.

approximately 10 V, which represents a value less than 2% of
the voltage rating.

B. Experimental Results

To validate the operational principles and power flow control
strategies proposed in this article, a downscaled BMMRDC
prototype was built for experimental verification, as shown in
Fig. 18. The main parameters of the experimental prototype can
be found in Table III. The dc supply voltage of the prototype on
the MV side and the LV side are selected as 1 kV and 300 V,
respectively, and the rated power is 4.5 kW. The prototype is
employed to validate the feasibility of the proposed power con-
trol strategy, which is independent of voltage or power transfer
level.

Fig. 18. 1 kV/4.5 kW laboratory prototype.

TABLE III
PARAMETERS OF EXPERIMENT

The prototype is equipped with a protection device, which
detects the voltage and current of the MV and LV sides through
a sampling system, which could avoid potential damage to the
conversion system in the event of faults. The effects of higher
current stresses have been considered in the design, where the
layout of components was optimized to reduce the overvoltage
caused by the turn-ON and turn-OFF process of semiconductor
devices. In addition, the steady operation of the power transfer
can be maintained by adjusting the operating frequency of the
converter in the event of voltage fluctuations on the dc bus.

The prototype uses the double sorting algorithm proposed in
[23] to keep the SM voltages balanced. As gate drive signals with
different phase shift angles have different charge and discharge
capabilities, these drive signals are allocated to maintain voltage
balance based on the sorting of the last period SM voltages.

Similar to the simulated waveforms shown in Fig. 19, the
waveform illustrates the steady-state experimental waveforms of
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Fig. 19. Steady-state waveforms at different operating frequencies.
(a) 3.5 kHz. (b) 4.0 kHz. (c) 4.7 kHz.

the converter in three different operating frequencies that are 3.5,
4.0, and 4.7 kHz. The waveform in Fig. 19(a) shows a behavior
similar to a traditional LLC converter with no power backflow
at an operating state of 4.5 kW. Besides, Fig. 19(b) shows the
waveform under 0-kW conditions, where the resonant current is
a triangular wave that feeds the excitation current. This indicates
that the converter has the lowest efficiency. Finally, Fig. 19(c)
shows the waveform at the −4.5 kW load condition, indicating
that energy is predominantly transferred from the LV side to the
MV side throughout the entire period.

The soft-switching behavior of the SM can be determined
by analyzing the voltage-current relationship of the arm and
the current on the secondary side reduced to zero can help the
H-bridge achieve the ZCS. Fig. 20 shows the device of the
SM can achieve the ZVS at the switching point under rated
power conditions. Likewise, the device in the H-bridge has a
soft-switching performance. As shown in Fig. 20(a) and (b),
the devices can realize the ZVS and the ZCS in both forward
and reverse modes, respectively. Optimizing the parameter de-
sign can reduce device losses and improve converter efficiency.
Therefore, optimizing the parameter design can reduce device
losses and improve converter efficiency.

Fig. 20. Waveforms of soft switch about the BMMRDC in the experiment.
(a) Operating in forward mode. (b) Operating in reverse mode.

Fig. 21. Power step-change waveforms. (a) Power changes from 4.5 kW to
−4.5 kW. (b) Power changes from −4.5 kW to 4.5 kW.

The experimental waveforms are highly consistent with the
theoretical analysis. In the reverse operation mode, it is crucial
to ensure that the secondary side current is zero at the end of the
half cycle to prevent the soft switch on the secondary side from
being lost.

Fig. 21 shows the dynamic behaviors of the proposed power
flow control strategy. The waveforms are about the resonant
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Fig. 22. Voltage waveform of SMs in forward mode. (a) Upper arm. (b) Lower
arm.

current and the LV side current. Fig. 21(a) shows the dynamic
waveform during the power condition switching from 4.5 kW to
−4.5 kW in the closed-loop control. The transient time is less
than 35 ms with better dynamic performance, which indicates
that flexible power regulation can be achieved. In general, a
response time in the millisecond range is sufficient for the
converter to operate correctly. Likewise, the performance of the
dynamic is satisfactory when the power condition changes from
−4.5 kW to 4.5 kW, as shown in Fig. 21(b). This verifies that the
proposed control strategy enables precise adjustment of power
flow and has flexible power regulation ability.

Fig. 22 shows the SMs’ capacitor voltages in forward mode,
which can be sustained at approximately 250 V for each SM
with the implementation of the balancing algorithm. It can be ob-
served that there exists a difference among the capacitor voltages
of the SMs, resulting from the slight capacitance discrepancy or
measurement error. The ripple voltage is 8 V, which is 3% of the
nominal capacitor voltage.

V. CONCLUSION

This article presents a power flow control strategy for a BMM-
RDC. The control strategy continuously and flexibly regulates
the power of the BMMRDC, combining the benefits of both
resonant unit and MMC. Considering the power shift angle
to build the modeling of the gain about the BMMRDC, the
maximum error is only 5.2% compared with the simulation
results. It indicates that the model has a high accuracy. Therefore,
the operating frequency of the converter is adjusted to affect the
power shift angle ϕ to achieve power flow control. In addition,
the soft-switching behavior of the devices with the proposed con-
trol strategy is analyzed. A wide range of device loss reduction

can be achieved to improve the converter efficiency. In forward
and reverse modes, the theoretically calculated efficiency is
98.2% and 97.9%, respectively. Finally, the proposed power flow
strategy is validated through simulations and experiments using
a downscaled prototype with 1 kV input and 300 V/4.5 kW
output. The result shows that the proposed BMMRDC topology
and control method have precise bidirectional power control
capability and fast dynamic response, which is able to finish
the dynamic process within 35 ms.
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