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An Isolated Modular Multilevel Converter (I-M2C)
Topology Based on High-Frequency

Link (HFL) Concept
Chuang Liu , Member, IEEE, Chao Liu, Guowei Cai , Hong Ying, Zhenbin Zhang , Senior Member, IEEE,

Renzhong Shan, Zhongchen Pei, and Xiaomin Song

Abstract—This paper introduces the high-frequency link con-
cept into the modular multilevel converter (MMC) topology, which
can totally reduce the individual dc-link capacitors at the high-
voltage side. The proposed converter, called isolated MMC, has
basic triple ports of medium-voltage ac, medium-voltage dc, and
low-voltage dc. Thus, it is especially suitable for hybrid dc and ac
applications in power generation and transmission, such as solid-
state transformer. The fundamental principle and applied control
scheme of phase-shift pulsewidth modulation are presented in de-
tail. The design of the voltage clamping circuit and analysis of duty
loss are carried out. The experimental results are given to illustrate
the efficient operation characteristics.

Index Terms—High-frequency link (HFL), hybrid ac and dc
power conversion, isolated modular multilevel converter (I-M2C),
solid-state transformer (SST).

NOMENCLATURE

CdcL LVdc capacitor.
CdcH HVdc split capacitor.
CdH HVdc capacitor.
Ck Voltage clamping capacitor.
D DC modulation ratio.
DLP Double line-frequency power.
Dpr Equivalent primary modulation ratio.
Dse Equivalent secondary modulation ratio.
da AC modulation ratio.
du(l) Upper (lower) SM modulation ratio.
dp(n) Leading (lagged)-leg modulation ratio.
Er Resonant energy.
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fc Carrier wave frequency.
iacu Upper arm current.
iacl Lower arm current.
i1(2) Primary (secondary) current of transformer.
IdcL LVdc side current.
IdcH HVdc side current.
iL Filter inductor current.
k Turn ratio of transformer.
Lf Filter inductor.
Lum Arm inductor.
Lr Transformer leakage inductor.
Rk Voltage clamping resistance.
Tc Carrier cycle.
Ts Switching cycle.
vsu Upper arm voltage.
vsl Lower arm current.
VdcL LVdc port voltage.
vac HVac port voltage.
VdcH HVdc port voltage.
v1(2) Primary (secondary) voltage of transformer.

I. INTRODUCTION

CURRENTLY, solid-state transformer (SST) has been con-
ceived as a good replacement for the conventional line-

frequency transformer because of its inherent advantages such
as small volume, light weight, controllability, multiports, and
other aspects [1]–[5]. SST-based solid-state substation (SSS)
has received a good deal of attention as a key equipment for the
flexible grid integration of renewable energy systems [6]–[8].
The SST systems are generally based on the input-series output-
parallel (ISOP) configuration of submodules (SMs), since mod-
ular architecture has significant advantages in scalability and
maintenance of power and voltage, fault-tolerance strategy im-
plementation. The modular SST topologies could be classified
into two broad categories: the structures based on cascaded H-
bridge (CHB) converter [9]–[13] and modular multilevel con-
verter (MMC) [5], [14].

As Fig. 1(a) shows, the SST based on CHB converter consists
of a cascaded H-Bridge converter and high-frequency isolated
dc–dc converters. A lot of isolated dc–dc converter topologies
have been employed in this type SST to inject/drag power from
the CHB cells, such as phase-shift H-bridge (PSHB) converter
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Fig. 1. Two typical SST topologies. (a) Single-phase CHB converter-based
SST topology. (b) Single-phase MMC-based SST topology.

[12], [15], LLC/CLLC resonant converter [16]–[19], dual-active-
bridge (DAB) converter [11], [20]–[23]. A detailed analysis and
design of such cascaded systems can be found in [13] where us-
ing power semiconductors with blocking voltage of 1.2/1.7 kV
has been identified to be an optimum scheme in terms of ef-
ficiency and power density. Additionally, the SM of CHB can
be replaced with dual-buck/boost converter [9], neutral-point-
clamped converter (NPC) [24], etc.

As Fig. 1(b) shows, the MMC-based SST can be seen as an
evolution of the SST based on CHB converter. The major ad-
vantage of MMC-based SST is the added medium-voltage dc
(MVdc) link, which is an additional connection point of SST. It
is a potential way to integrate new loads and renewable sources,
such as fast charging electric vehicle (EV) stations, distributed
renewable energy systems, large photovoltaic, and wind power
plants and battery energy storage systems. To provide power
conversion between the MVdc and low-voltage dc (LVdc) ports,
the high-frequency isolated dc–dc converters-based ISOP con-
figuration is usually adopted in SST [25]–[27].

In order to overcome the MVdc side faults, the basic half-
bridge SM (HBSM) of MMC can be replaced with hybrid SM
topologies [28], such as the full-bridge SM (FBSM), the clamp
double SM (CDSM), the clamp single SM (CSSM), and the im-
proved hybrid SM. However, it will make the SST more complex
and costly.

MMC has been widely used in the SST because of its modu-
lar realization, multilevel waveform, MVac, dc ports, etc. [29],
[30]. However, it still has several drawbacks due to its structural
characteristics. For instance, there are bulky capacitors of SMs
to limit the voltage fluctuation since the power conversion be-
tween MVac and MVdc is handled by each SM, which reduces
the power density and increases the system costs. Moreover, the
resulting complicated capacitor voltage balance control strategy
is another major problem.

For overcoming the abovementioned problems, this paper
introduces the high-frequency link (HFL) concept [31]–[39]
into the MMC structure and proposes an innovative HFL iso-
lated modular multilevel converter (I-M2C) topology. The novel
topology not only inherits the main merits of conventional MMC
such as modular structure, multiport and multilevel waveform,
but also realizes the single-stage power conversion between
MVdc/ac sides and LVdc side, which eliminates the bulky dc-
link capacitors at high-voltage (HV) side and the complicated
capacitor voltage balance control strategy. Compared with the
matrix-based single-stage SSTs, the proposed topology does not
need bidirectional switches at HV side and the complicated com-
mutation control strategy, since the voltage of the SM in I-M2C
is always positive.

The rest of this paper is organized as following. In Section II,
the concept of the HFL I-M2C is introduced. A detailed single-
phase structure and its basic high-frequency-link SM (HFL-SM)
are explained. In Section III, the modulation strategy and oper-
ation principles of I-M2C are described. Power transfer steady
analysis among multiports is provided in Section IV. Then, the
design of the voltage clamping circuit and analysis of duty loss
are carried out in Section V. In Section VI, the experimental
results verify the feasibility of the novel I-M2C topology.

II. HFL ISOLATED MODULAR MULTILEVEL

CONVERTER (HFL I-M2C)

A. Concept of Single-Phase I-M2C

The diagram of single-phase HFL I-M2C is depicted in Fig. 2.
The single-phase I-M2C is formed by two arms. Each arm con-
sists of n HFL-SMs, which are parallel connected at common
LV side and series connected at HV side. Regardless of the volt-
age drop of leakage and arm inductors, the voltage of upper and
lower arms can be obtained by

{
vsu = n× VdcL

k × du = n× VdcL

k × (D + da)

vsl = n× VdcL

k × dl = n× VdcL

k × (D − da).
(1)

According to (1), the equivalent circuit of I-M2C at HV side
is shown in Fig. 3. Based on the KVL voltage principle, the
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Fig. 2. Topology structure of the proposed single-phase I-M2C.

Fig. 3. Equivalent circuit of HV side in the proposed single-phase HFL I-M2C
leg.

Fig. 4. Topology structure of HFL-SM.

voltages of the HVac and HVdc ports can be derived by{
VdcH = D · 2n · VdcL

vac = −da · n · VdcL.
(2)

B. Circuit Description of HFL-SM

The circuit configuration of HFL-SM in I-M2C is shown in
Fig. 4, where the proposed SM consists of primary full-bridge
(Q1−Q4), secondary full-bridge (S1−S4), and high-frequency
transformer (HFT) with primary equivalent leakage inductorLr .

Fig. 5. Unified modulation strategy for HFL-SM.

HFT performs the task of voltage level conversion and the
electrical isolation. Due to the positive output voltage, the op-
eration modes of HFL-SM can be divided into two basic types
based on the direction of the output current (iL): buck mode
(iL > 0) and boost mode (iL < 0).

A unified modulation strategy for two modes is illustrated
in Fig. 5, where Q1–Q4 and S1–S4 are driven signals of the
corresponding switches; dp and dn are modulation signals of
leading-leg and lagging-leg in primary full-bridge, respectively;
v1 and v2 are primary and secondary pulsewidth voltages of
the HFT, respectively; vo is output voltage of the HFL-SM. As
Fig. 5 shows, the secondary devices are switched during the time
when vo equals to zero due to the proposed modulation strategy.
Thus, the voltage oscillation caused by current commutation is
avoided. It is noted that the switching cycle period is two times
as much as the carrier cycle period.

According to (2), the modulation ratios for I-M2C can be
derived by⎧⎪⎪⎨

⎪⎪⎩
dup = 0.5 + du = 0.5 + 0.5× [D + da]
dun = 0.5− du = 0.5− 0.5× [D + da]
dlp = 0.5 + dl = 0.5 + 0.5× [D − da]
dln = 0.5− dl = 0.5− 0.5× [D − da]

(3)

where dup(n) is leading-leg (lagging-leg) modulation signal for
HFL-SMs in upper arm; dlp(n) is leading-leg (lagging-leg) mod-
ulation signal for HFL-SMs in lower arm.

Different from CHB converter and MMC-based SST struc-
tures, the DLP is buffered by the common capacitors at LVdc
side in I-M2C instead of the intermediary dc-link capacitors.
Hence, the proposed topology eliminates intermediary dc-link
capacitors at HV side. Additionally, a simply auxiliary circuit
with power decoupling control can be employed at the primary
side to further improve the power density [38]. The detailed
multilevel modulation scheme and the operation principle of the
HFL I-M2C will be illustrated in the following chapter.

III. MODULATION STRATEGY AND OPERATION

PRINCIPLE OF HFL I-M2C

Due to the modularized topology, phase-shift pulsewidth
modulation (PSPWM) is the optimum modulation method for
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Fig. 6. Driven signal modulation strategy for proposed I-M2C.

I-M2C. The modulation strategy can achieve the effect of high
equivalent switching frequency at a lower switching frequency,
which improves the output performance and reduces the require-
ment of filter. Thus, it is widely used in the modular high-power
electrical devices. The proposed modulation scheme based on
(3) is briefly explained with the aid of Fig. 6, where uc1 and
uc2 are the carrier waves for SMu(l) 1 and SMu(l)2, respectively.
In Fig. 4, uc2 is delayed by Tc/4 compared with uc1, and the
equivalent switching frequency of the arm voltage is two times
as much as that of HFL-SMs. The following part will only in-
troduce the boost working mode of upper arm in detail because
the operating mode of the lower arm is symmetrical with that
of the upper arm and the operation principle of buck mode of
the HFL-SM is similar to the conventional PSFB converter with
the varying duty ratio. To simplify the analysis, this paper as-
sumes that the body capacitance of switches is negligible and
current commutation process is so little that it can be viewed as
instantaneous fulfilled.

The theoretical waveforms and commutation step diagrams
of upper arm of I-M2C in boost operating mode are shown in
Figs. 7 and 8, where Qu1a(b)–Qu4a(b) and Su1a(b)–Su4(a)b rep-
resent driven signals of corresponding switches; HFT1 and HFT2

are the HFTs of SMu1 and SMu2, respectively; i1b and i1a are
primary currents of HFT1 and HFT2, respectively; i2b and i2a
are secondary currents of HFT1 and HFT2, respectively; v1b and
v1a are primary voltages of HFT1 and HFT2, respectively; vu1
and vu2 are output voltages of SMu1 and SMu2, respectively;
iacu is the inductor current of the upper arm.

One complete switching cycle of upper arm is divided into
12 steps in this mode. The operation conditions of the latter six
steps are symmetric with the former six steps. The former six
steps are explained in detail as follows.

Stage 0. [before t0, Fig. 8(a)]: Prior to t0, Qu2b and Qu3b

are in off-state and Su1b and Su4b are in on-state.
The operating state of SMu2 is same as that of SMu1

because of the same driven signals. The energy at

Fig. 7. Theoretical waveforms of upper arm of I-M2C in boost mode.

the HV side backflows to the common LVdc side.
Thus, iacu decreases over time. In this process, vsu =
2VdcL.

Stage 1. [t0–t1, Fig. 8(b)]: This interval starts at t0 whenQu3b

is turned on. In SMu1, i1b is commutated from the
antiparallel diode of Qu1b to Qu3b. i1b only flows
through the antiparallel diode of Qu1b instead of
Qu1b, which realizes ZVS switching of Qu1b. i1b can
be viewed as maintained constant since the filter in-
ductor is reflected to the primary side of HFT1. The
working mode of SMu2 is same as that in the stage 0.
The energy at the HV side backflows to the common
LVdc side by SMu2. In this process, vsu = VdcL.

Stage 2. [t1–t2, Fig. 8(c)]: In SMu1, Su2b and Su3b are turned
on while Su1b and Su4b are turned off. In practice,
an overlap high level dead band must be guaranteed
for commutation of i2b. The trend of i1b is consistent
with that of i1a. The working mode of SMu2 is same
as that in the stage 0. In this process, vsu = VdcL.

Stage 3. [t2–t3, Fig. 8(d)]:Qu3a is turned on at t2. At the same
time, i1a is commutated from the antiparallel diode of
Qu1a to Qu3a. i1a only flows through the antiparallel
diode of Qu1a instead of Qu1a, which realizes ZVS
switching of Qu1a. In this stage, the working mode
of SMu2 is same as that of SMu1 in Stage1. The HV
side stops transferring power to common LV side.
vsu = 0 and iacu increases during this stage.

Stage 4. [t3–t4, Fig. 8(e)]: In SMu1, Qu4b is turned off. At the
same time, i1a is commutated from Qu4b to the an-
tiparallel diode ofQu2b. Then,Qu2b is turned on with
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Fig. 8. Commutation step diagrams of upper arm of I-M2C in boost mode. (a) Stage 0. (b) Stage 1. (c) Stage 2. (d) Stage 3. (e) Stage 4. (f) Stage 5.

ZVS. In this stage, SMu1 transfers power from HV
side to LV side. SMu2 remains the pervious working
mode in this interval and vsu = VdcL.

Stage 5. [t4–t5, Fig. 8(f)]: In SMu2, Su2a and Su3a are turned
on while Su1a and Su4a are turned off. In this stage,
the working state of SMu2 is same as that of SMu1

in Stage 2 and vsu = VdcL.
At t5, Qu4a is turned off while i2a is commutated from Qu4a

to antiparallel diode of Qu2a and the latter six stages start. The
operation states of SMu1 and SMu2 in stage 6 are symmetrical
with that in stage 0, which transfers power to LV side.

IV. POWER TRANSFER STEADY-STATE ANALYSIS AMONG

HVAC, HVDC, AND LVDC PORTS IN I-M2C

Because of the three basic power-transfer ports, I-M2C
has a set of average power transfer (APF) operating modes,
such as conventional MMC mode (power flows between HVac
and HVdc ports), isolated cascade converter mode (power
flows between HVac and LVdc ports), dc-transformer mode
(power flows between HVdc and LVdc ports), and SSS mode
(power flows among HVac, HVdc, and LVdc ports). The
following will give the detailed power transfer steady-state
analysis.

A. Equivalent Average Model of Single-Phase I-M2C

Fig. 9 shows the equivalent average model of the single-phase
I-M2C leg. The SMs’ terminals at the HV side are represented
by the controlled voltage sources vui or vli (i = 1, . . . , n)with
the hybrid ac and dc modulation ratios, which is found in (3).
Equation (4) shows the relation among arm current iacu(l) and

Fig. 9. Equivalent average model of single-phase I-M2C leg.

HV port currents IdcH and iac{
iacu = IdcH + iac

2

iacl = −IdcH + iac
2 .

(4)

According to (1) and (4), the HV terminal instantaneous out-
put power of the proposed HFL-SMs is given by{

pui(t) = −VdcL

Kui
(D + da)

(
IdcH + iac

2

)
pli(t) =

VdcL

Kli
(D − da)

(−IdcH + iac
2

) (i = 1, . . . , n)

(5)
where du = D + da, dl = D − da, kui = kli = k(i =
1, . . . , n).
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Fig. 10. Equivalent average model at the common LVdc side of single-phase
I-M2C leg.

Based on (5), it can be seen thatPui orPli (i = 1, . . . , n), the
average power of SMui or SMli, consists of two parts:PHVacu(l)i

and PHVdcu(l)i (i = 1, . . . , n). They are given by

Pu(l)i =
1

Tg

∫ t+Tg

t

pu(l)i(t)dt

= PHVacu(l)i + PHVdcu(l)i (i = 1, . . . , n) (6)

where Tg is the line-frequency period.
Moreover, because the total sum of three-phase DLP fluctu-

ation is nearly constant, the three-phase I-M2C system can cut
down the number of common LVdc capacitors, which effectively
reduces the volume and cost.

Based on (4), the equivalent average model at the common
LVdc side is shown in Fig. 10. And the equivalent injecting
instantaneous current Iedc and Ieac at the common dc side are
given by (7), which are equal to the sum of the all SMs’ current
components. The common LVdc current IdcL is an average of
(Iedc + Ieac), which is derived by{

Iedc(t) = −2n(IdcHD)/k
Ieac(t) = −n(iacda)/k

(7)

IdcL =
1

Tg

∫ t+Tg

t

[−2n(IdcHD)/k − n(iacda)/k] dt

= −2n(IdcHD)/k − n

kTg

∫ t+Tg

t

[(iacda)] dt. (8)

B. Steady-State Analysis of APF in I-M2C

According to the equivalent average model of single-phase
I-M2C leg, the voltage loop equations at the HVac and dc sides
are given by{

vac = −nVdcL

k (D + da)−
(
Lf + Lum

2

)
diac

dt + VdcH

2

vac = nVdcL

k (D − da)−
(
Lf + Lum

2

)
diac
dt − VdcH

2

(9)

VdcH = n
VdcL

k
(D + da) + n

VdcL

k
(D − da) = 2n

VdcL

k
D

(10)

where the current ripple of IdcH is not considered and D is
usually set at 0.5.

From (9) and (10), the simplified (9) is given by

vac = −n
VdcL

k
da −

(
Lf +

Lum

2

)
diac
dt

. (11)

And if vac and iac are set as (12), da can be given by{
vac = Vgp sin(ωt)
iac = Igp sin(ωt− ϕ)

(12)

da =

√
a2 + b2 sin(ωt+ φa)

nVdcL

k

(13)

where ⎧⎪⎨
⎪⎩

a = −Vgp − Igpω
(
Lf + Lm

2

)
sinϕ

b = −Igpω
(
Lf + Lm

2

)
cosϕ

ϕa = arctan
(
b
a

)
.

(14)

Ignoring the loss of SMs and inductor, the active power PHVac

can be calculated by

PHVac =
n∑

i=1

PHVacu(l)i

= −VdcL

kTg

n∑
i=1

∫ t+Tg

t

(daiac)dt.

≈ VgpIgpcosϕ/2 (15)

If ϕ = 0 (PHVac is transferred from HVdc and LVdc sides to
HVac side) or ϕ = π (PHVac is transferred from HVac side to
HVdc and LVdc sides), no reactive power QHVac is delivered
to the HVac grid. Considering modular and redundant design,
the same active power operation mode of HFL-SMs is usually
adopted in real high-power applications. The required HVac grid
current iac is generated by controlling the same ac modulation
ratio da of upper and lower arm in together. The same active
powerPHVacu(l)i (i = 1, . . . , n) is delivered between each SM
terminal and HVac grid because of the same ac modulation ratio.

The SM terminal power PHVacu(l)i (i = 1, . . . , n) can
be supported by HVdc and LVdc ports. The active power
PHVdcu(l)i (i = 1, . . . , n) delivering between each SM and
HVdc side should be satisfied as⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

PHVdc = VdcH × IdcH = 2nVdcL

k D × IdcH

PHVdcui = −VdcL

Kui
Di × IdcH = −VdcL

K D × IdcH
PHVdcli = −VdcL

Kli
Di × IdcH = −VdcL

K D × IdcH
n∑

i=1

PHVdcui +
n∑

i=1

PHVdcli = −PHVdc.

(16)

Based on (8), the input power PdcL at the common LVdc side
is given by

PdcL = VdcL × IdcL

= −2n
VdcL

k
IdcHD − n

VdcL

kTg

∫ t+Tg

t

[(iacda)] dt

= −PHVdc + PHVac. (17)

It has two equivalent parts: dc power PHVdc flowing from
HVdc grid, ac active power PHVac flowing from HVac grid.
Thus, the detailed calculation of different APF operation modes
can be easily derived for the system analysis and control design
based on the above analysis among PHVac, PHVdc, and PLVdc.
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Fig. 11. Topology structure of HFL-SM with clamping circuit.

Fig. 12. Theoretical waves of HFL-SM with clamping circuit.

V. DESIGN OF VOLTAGE CLAMPING CIRCUIT AND

ANALYSIS OF DUTY LOSS

There is a spike voltage and shock on conventional PSFB
converter vice side rectifier diodes, which reduces the system
reliability. When the proposed topology works in buck mode, it
has the same problem because of the similar operation principle.
An resistance, capacitor and diode (RCD) method of auxiliary
absorption circuit is employed to suppress the spike voltage, as
shown in Fig. 11. Considering the stray capacitances, the the-
oretical waves of HFL-SM with the clamping circuit in buck
operation mode are shown in Fig. 12. The following will intro-
duce the operation principle of the clamping circuit.

As Fig. 12 shows, one complete switching cycle of the pro-
posed structure can be divided into 14 steps. And the working
states of the latter seven steps are symmetric with the former
seven steps. The equivalent circuits for former seven operating
stages are shown in Fig. 13, and the corresponding stage is ex-
plained in detail as follows.

Stage 0. [Before t0, Fig. 13(a)]: Before t0, Q1 and Q4 are
conducting at primary side; D5 and D8 are conducting
at secondary side. C6 and C7 are fully charged. The
stage is called the power transfer stage since primary
side transfers power to secondary side.

Stage 1. [t0–t1, Fig. 13(b)]: At the instant t0, Q1 is turned off.
C1 begins to charge while C3 begins to discharge at
primary side; C6 and C7 discharge at secondary side.
The voltages and currents across primary side and
secondary side of the HFT begin to decrease. The
primary side of the proposed SM stops transferring
power to the secondary side. However, the decreasing

Fig. 13. Commutation step diagrams of the HFL-SM with clamping circuit.
(a) Stage 0. (b) Stage 1. (c) Stage 2. (d) Stage 3. (e) Stage 4. (f) Stage 5.
(g) Stage 6. (h) Stage 7.
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rate of iL is very small because of the large filter
inductance.

Stage 2. [t1–t2, Fig. 13(c)]: This stage begins when the volt-
age of C1 increases to VdcL and the voltage of C3

decreases to zero. In this stage, D3 is conducting.
Thereby, Q3 can be turned on at zero voltage. At
the same time, the voltages of C6 and C7 and v2 de-
crease to zero. All secondary side diodes are con-
ducting since the filter inductance is so large that it
can be seen as a constant current source. Secondary
side of the transformer is shorted and the induc-
tor current is freewheeling. Due to the filter induc-
tance is much larger than the leakage inductance,
the decreasing rate of the i2 is bigger than that of
iL. In this stage, the switching actions of S1–S4 can
be neglected because of the secondary freewheeling
state.

Stage 3. [t2−t3, Fig. 13(d)]: At t2, Q4 is turned off. Then C2

starts to discharge and C4 starts to charge.
Stage 4. [t3−t4, Fig. 13(e)]: This stage starts when voltage of

C4 increases to VdcL and the voltage of C2 decreases
to zero. D2 is conducting, and i2 reduces rapidly be-
cause v1 is equal to −VdcL. Then Q2 is turned on at
zero voltage because the current flows through the
D2. Power cannot be transmitted from primary side
to secondary side since |i2| is smaller than iL.

Stage 5. [t4−t5, Fig. 13(f)]: At t4, i1 decreases to zero and
Q2 is conducting. Then i1 increases in the opposite
direction, which flows through the Q2 and Q3. Be-
cause |i2| is still smaller than iL, v2 remains zero and
power still cannot be transmitted from primary side
to secondary side.

Stage 6. [t5−t6, Fig. 13(g)]: At t5, |i2| increases to iL. Then
D5 and D8 are cut-off. At the same time, Lr starts
to be resonant with C5 and C8. However, the spike
voltage is suppressed by the Ck. Because Ck is larger
than stray capacitors of S1–S4, it can absorb the most
energy of the Lr, which can suppress the spike volt-
age and oscillation, effectively.

Stage 7. [t6−t7, Fig. 13(h)]: The stage begins when v2 is
smaller than the voltage of Ck. From this stage, Ck

starts to discharge to Rk. The working conditions of
this stage are symmetric with the stage 0. The latter
steps begin.

It is noted that the minimum voltage of Ck is required to
maintain beyond the expected output voltage. Otherwise, Ck

would absorb the energy transmitted from LV side to HV side,
which decreases the efficiency.

The resonance energy of Lr can be calculated by

Er = 0.5× Lr × i21. (18)

And in each switching cycle, the absorbed and released energy
of Ck is equal to Er. Hence, Ck can be determined by

0.5× Lr × i2L = 0.5× ck × (
U2
p − U2

o

)
(19)

Fig. 14. Experimental prototype of the proposed HFL-SM.

where ck is the value of the Ck; Up is the peak value of the vo;
Uo is the expected value of the vo, and Rk can be determined by

Up = Uo × e(−t/τ). (20)

From t3 to t5, v1 is equal to−VdcL but v2 is equal to zero. This
progress is called duty loss since the power cannot be transmitted
to HV side in this progress. The relationship of primary duty ratio
Dpr and secondary duty ratio Dse can be determined by

Dse = Dpr −ΔD (21)

where ΔD is the duty loss of the secondary duty. And ΔD can
be calculated by

ΔD =
k(

VdcL

Lr

) (
TS

2

)
[
2iL − U0

Lf
(1−Dpr)

TS

2

]
. (22)

As (22) shows, larger arm inductance, higher switching fre-
quency, and larger primary current would lead higher duty loss.

VI. POWER TRANSFER STEADY-STATE ANALYSIS AMONG

HVAC, HVDC, AND LVDC PORTS IN I-M2C

To verify the operation principle and the theoretical analysis
of I-M2C, a single-phase I-M2C prototype and a three-phase
I-M2C system have been implemented.

A. Experimental Results of the Single-Phase I-M2C Prototype

First, a prototype of the proposed HFL-SM has been built
and tested to verify the operation principle. The photo of the
prototype is shown in Fig. 14. The main parameters are listed in
Table I.

The performance of the proposed SM was verified by the ex-
perimental prototype, as shown in Figs. 15–17. Fig. 15 shows
the performance of the proposed voltage clamping circuit at
Ck = 1 μF and Rk = 2 kΩ, where Vc5 and Vc6 are the voltage
values of C5 and C6, respectively; v2 and i2 are the secondary
voltage and current of the HFT, respectively. As Fig. 15(a)
shows, the peak value of |v2| exceeds 580 V without the voltage
clamping circuit. As shown in Fig. 15(b), the voltage increas-
ing speed across the IGBT is restricted and peak value of |v2| is
limit under 270 V with the help of the voltage clamping circuit.
It can be seen that the adopted voltage clamping circuit is very
effective.
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Fig. 15. Experimental waveforms of secondary side in HFL-SM prototype.
(a) Experimental waveforms of HFL-SM without voltage clamping circuit.
(b) Experimental waveforms of HFL-SM with voltage clamping circuit.

Fig. 16. Experimental waveforms of HFL-SM from buck mode to boost mode.

Fig. 17. Measured efficiency of the HFL-SM prototype.

Fig. 16 shows the process of switching of the two modes
(from buck mode to boost mode), where v1 and v2 are voltages
of primary side and secondary side in HFL-SM prototype; i1
and i2 are voltages of primary side and secondary side in HFL-
SM prototype. Thanks to the unified modulation strategy, the
switching process of the operating mode is seamless and the
changes of voltages and currents of the HFL-SM are smooth
and automatic.

Fig. 17 shows the measured efficiency values in buck and
boost working modes. The maximum efficiency values of both
two modes can reach to 92%. In order to further improve the
efficiency, the optimum design of circuit parameters is the future
research focus.

As Fig. 18 shows, a scaled-down laboratory single-phase pro-
totype based on the HFL-SM prototype is constructed.

There are two SMs in each arm in this single-phase prototype.
The common LVdc side is supported by the dc voltage source.
The HVdc side is connected to resistors, and the HVac side is
connected to the inductive and resistive load. To construct the

Fig. 18. Experimental prototype of the proposed single-phase I-M2C proto-
type with 2 SMs/arm.

TABLE I
CIRCUIT PARAMETERS OF PROPOSED HFL-SM PROTOTYPE

TABLE II
CIRCUIT PARAMETERS OF PROPOSED SINGLE-PHASE I-M2C PROTOTYPE

Fig. 19. Experimental waveforms of upper arm in the single-phase I-M2C
prototype.

HVac current loop, the split capacitors are adopted at the HVdc
side. The circuit parameters of the single-phase I-M2C system
are listed in the Table II.

Figs. 19–22 show steady-state experimental waveforms at dc
load Rdc = 160 Ω and ac load Zac = (160 + j 48.4) Ω. Fig. 19
shows the overall and detailed output voltage waveforms of the
upper arm. It shows that the output voltage frequency of each
arm is twice as much as that of each SM by proposed PSPWM
modulation strategy.
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Fig. 20. Experimental waveforms of upper and lower arms in the single-phase
I-M2C prototype.

Fig. 21. Experimental waveforms of HVdc and HVac ports in single-phase
I-M2C system. (a) Voltage and current waveforms of HVdc port. (b) Voltage
and current waveforms of HVac port.

Fig. 22. Transient-state experimental waveforms of upper arm.

Fig. 23. Transient-state experimental waveforms of HV ports.

Fig. 20 shows the overall and detailed experimental wave-
forms of the upper and lower arms. These waveforms show that
the currents of arms can flow freely in the two direction. Hence,
the switching process between buck mode and boost mode is a
natural step.

Fig. 21 shows the waveforms of HVdc and HVac ports at
VdcL = 200 V and IdcL = 6.88 A. It can be seen that the pro-
posed converter has high-quality output voltages and currents.

The transient waveforms of the proposed converter of step
change in HVdc load are shown in Figs. 22 and 23. To ver-
ify the transient performance of the topology, HVdc side load is
changed from � to 160Ω at t0. Fig. 22 shows the overall and de-
tailed experimental waveforms of upper arm, and Fig. 23 shows
the overall and detailed experimental transient-state waveforms
of HV ports. From Figs. 22 and 23, it can be validated that
power can flow among LVdc, HVdc, and HVac sides freely. The
single-phase I-M2C prototype has good transient performance.

Fig. 24. Experimental prototype of the three-phase I-M2C with 4 SMs/arm.

TABLE III
CIRCUIT PARAMETERS OF PROPOSED THREE-PHASE I-M2C PROTOTYPE

B. Experimental Results of the Three-Phase I-M2C System

On the basis of the single-phase I-M2C prototype, a three-
phase system (4 SMs/arm) is constructed, as shown in Fig. 24.
Compared with the single-phase prototype, the three-phase sys-
tem eliminates the spilt capacitors, which further reduces the
number of capacitors.

The circuit parameters of the three-phase system are listed in
Table III.

Fig. 25 shows the experimental waveforms of the three-phase
prototype at VdcL = 200 V, D = 0.5, and da = 0.8sin(ωt).
Fig. 25(a) shows the experimental waveforms of each HFL-SM
in A-phase upper arm, where Vau1, Vau2, Vau3, and Vau4 are
the voltages of SMs in A-phase upper arm. Fig. 25(b) shows the
experimental waveforms of upper and lower arm in A-phase,
where Vsua and Vsla are voltages of A-phase upper and lower
arm, respectively; isua and isla are currents of A-phase upper
and lower arm, respectively. Fig. 25(c) shows the experimental
waveforms of upper arm in each phase, where Vsua, Vsub, and
Vsuc are voltages of A-phase upper arm, B-phase upper arm, and
C-phase upper arm.

As Figs. 23–25 show, the PSPWM modulation strategy in-
creases the frequency of arm voltage, which is explained in
Section III.

Fig. 26(a) and (b) show the experimental waveforms of HVac
and HVdc ports, where Va, Vb, and Vc are voltages of three
phases; Ia, Ib, and Ic are currents of three phases. As Fig. 26
shows, the proposed three-phase I-M2C prototype system has
high-quality output voltages and currents.

All the abovementioned experimental results have demon-
strated that the proposed HFL I-M2C has good performances.
These results also have verified the feasibility and availability
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Fig. 25. Experimental waveforms of the three-phase I-M2C with 4 SMs/arm.
(a) Voltages waveforms of each SM in A-phase upper arm. (b) Experimental
waveforms of A-phase upper and lower arms. (c) Voltages waveforms of upper
arms in each phase.

Fig. 26. Experimental waveforms of HVdc and HVac ports in three-phase
I-M2C system. (a) Voltage waveforms of HVdc and HVac ports. (b) Currents
waveforms of HVdc and HVac ports.

of this novel topology. In the end, I-M2C has an important po-
tential value for hybrid dc and ac application in future power
generation and transmission.

VII. CONCLUSION

This paper has introduced the topology of the novel I-M2C and
its relevant characteristics. The steady-state APF and the voltage

clamping circuit have been analyzed in detail. The scaled-down
laboratory single-phase and three-phase prototypes have verified
the feasibility and availability of this novel HFL I-M2C topology.
Compared with the conventional MMC-based SST topologies,
the novel I-M2C topology has main advantages in the following
aspects.

1) Multiports structure: The proposed structure has three
basic ports (LVdc, HVdc, and HVac ports), which is ap-
propriate for future hybrid ac/dc grids.

2) Single-stage power conversion between LV side and HV
side: The proposed structure inherits the main merits of
single-stage power conversion, such as high power density,
high efficiency, and low cost.

3) Simply control strategy: Due to the eliminated SM capac-
itors, the proposed structure avoids applying complicated
SM voltage balance control strategy.
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