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Abstract—This article proposes a cascaded modular isolated
back-to-back solid-state transformer (CMIB-SST) for electrical
isolated interconnection of two distribution ac grids, which con-
sists of modular multilevel converter stage, cascaded H bridge
(CHB)-stage, and six-terminal active bridge-stage. A switching
synchronization hybrid phase-shift modulation (SSHPSM) for the
STAB-stage is utilized to suppress the low-frequency voltage ripple
of submodule (SM) both in CHB-stage and MMC-stage to reduce
the SM capacitance significantly with a simple control scheme of
the CMIB-SST. The proposed CMIB-SST is friendly to the cost
under the new capacitance constraint, and the big size electrolytic
capacitor could be replaced by film capacitor, which is benefi-
cial to security and life of the SST module. The voltage gain,
mathematical model of the proposed SST is analyzed to illustrate
the principle of SM low-frequency ripple-current decoupling with
the SM capacitor and cancellation mechanism in STAB-stage.
The corresponding transformer design is carried out under con-
sidering the parasitic leakage inductance value and the constraints
of its magnetic fields, thermal, electric field strength and insu-
lation. The scheme is evaluated by cost and volume of switches,
SM capacitors and magnetic unit. Finally, the processed topology
and SSHPSM method are verified by simulation and experimental
results.

Index Terms—Cascaded H-bridge (CHB), modular multilevel
converter (MMC), six-terminal active bridge (STAB), solid state
transformer (SST).

NOMENCLATURE

CMIB-SST Cascaded modular isolated back to back
solid state transformer.

CHB Cascaded H bridge.
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MMC Modular multilevel converter.
DAB Dual active bridge.
STAB Six-terminal active bridge.
HFT High-frequency transformer.
SSHPSM Switching synchronization hybrid phase-

shift modulation.
VAC1 AC port 1.
VAC2 AC port 2.
VDC DC bus.
SM Sub-module.
FBC STAB full bridge connecting the SM of

CHB-stage.
FBM STAB full bridge connecting the SM of

MMC-stage.
uVAC1,2x(x = a,b,c) VAC1,2 voltage.
iVAC1,2x(x = a,b,c) VAC1,2 current.
UVAC1,2 Amplitude of VAC1,2 voltage.
IVAC1,2 Amplitude of VAC1,2 current.
UVDC VDC voltage.
IVDC VDC current.
I2VAC2 Amplitude of the second-order-frequency

circulating current of the MMC-stage
bridge arm.

iux Upper arm current of MMC-stage.
iSMx-C SM charging current of phase-x of CHB-

stage.
iSMx-Mu SM charging current of phase-x of MMC-

stage upper arm.
iSM-CDC, iSM-MDC DC comment of iSMx-C and iSMx-Mu.
iSMx-CAC Second-order-frequency comment of

iSMx-C.
iSMx-MuAC AC comment of iSMx-Mu.
iSMx-MuAC1 Fundamental frequency component of

iSMx-Mu.
iSMx-MuAC2 Second-order-frequency component of

iSMx-Mu.
iCx-CAC Current of iSMx-CAC flowing into the SM

capacitor of CHB-stage.
iSx-CAC Current of iSMx-CAC flowing into the

STAB primary side port FBC.
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iSx-CACy Current of iSx-CAC flowing into other two
phases.

iCx-C Incompletely coupled ripple current of
SM capacitor current of CHB-stage stim-
ulated by three current sources.

Cx-C, Cx-M SM capacitance of phase-x of CHB-stage
and MMC-stage of CMIB-SST scheme
interconnected by DAB.

CLx-C, CLx-M New SM capacitance of phase-x of CHB-
stage and MMC-stage of CMIB-SST in-
terconnected by STAB.

USM-C, USM-Mu Stable voltage of CHB-stage and MMC-
stage SM capacitors.

uSM-C, uSM-Mu SM capacitor ripple voltages of CHB-
stage and MMC-stage.

uSM-Cavg Average voltage of CHB-stage three-
phase SM capacitor.

uSMx-Cavg Average voltage of CHB-stage phase-x
SM capacitor.

uref∗ SM capacitor reference voltage of CHB-
stage.

uFBM∗ FBM port reference voltage.
uFBM FBM port voltage.
PVAC1 VAC1 active power.
PVAC2 VAC2 active power.
PVDC VDC power.
PSM-C, PSM-M SM active power of CHB-stage and

MMC-stage.
TDAB Two-winding transformer of DAB.
TC, TM Four-winding transformers of STAB.
N Transformer turns ratio of TDAB.
NC, NM Transformer turns ratio TC and TM.
upx-C, upx-M HFT primary side voltage of TC and TM.
ipx-C, ipx-M HFT primary side current of TC and TM.
L DAB inductor.
LS STAB inductor
iLs STAB inductor current.
ILs Maximum value of STAB inductor cur-

rent.
IPM, ISM Maximum value of the primary and sec-

ondary side currents of TDAB.
LTx-C, LTx-M HFT leakage inductance of primary side

of TC and TM.
ΔLT1 Difference between LTa and LTb.
ΔLT2 Difference between LTa and LTc.
φFBC, φFBM Phase angle of FBC and FBM of STAB.
mC, mM Voltage modulation ratio of CHB-stage

and MMC-stage.
ω Any angular frequency.
ωF Fundamental angular frequency.
ω2nd Second-order angular frequency.
fF Fundamental frequency.
fC, fM Switching frequency of CHB-stage and

MMC stage.
fD Switching frequency of DAB.
fS Switching frequency of STAB.

ϕC, ϕM Power factor angle of CHB-stage and
MMC-stage.

θCx, θMx Initial phase angle of phase-x of CHB-
stage and MMC-stage.

θ2Mx Initial phase angle of the Second-order-
frequency circulating current.

ε SM capacitor voltage ripple coefficient.
ZCLx-C, ZCLx-M SM capacitance impedance of CHB-stage

and MMC-stage.
ZLTx-C, ZLTx-M HFT leakage inductance impedance of

primary side of TC and TM.
Zex-C, Zex-M Equivalent input impedance of phase-x of

CHB-stage and MMC-stage.
n Number of SM in one arm of MMC-stage.

I. INTRODUCTION

L INE frequency transformers are one of the key element
for ac grids interconnection with different voltage levels

as electricity grids around the world worked with alternating
current in the past years. [1]. Now the application of high-voltage
dc (HVdc) transmission has been increasing based on the ac/ac
or ac/dc conversion with voltage source converter (VSC) [2],
[3]. Modular multilevel converter is one kind of the VSC with
characteristics of low-voltage modularity, strong expansibility
and low harmonic injection [4], [5], [6].

As MMC has independent common dc bus, it fits for imple-
mentation of back-to-back no isolated ac/ac conversion [4], [5],
[6]. [7], [8] discussed an isolated back-to-back scheme based
on two CHBs (BTB-CHBs), by interconnecting their SMs with
dual active bridge (DAB) conversion unit. This scheme is suit-
able for the medium- and high-voltage ac grids interconnection
with the advantages of electrical isolation and wide range of
voltage magnitude. Both the SMs of CHB or MMC require
large size capacitance to suppress the low-frequency voltage
ripple [9], [10], so the SM capacitance has a high impact on cost
and power density. A third harmonic injection modulation of
CHB/MMC-stage was proposed [11], [12] to minimize the SM
capacitance voltage ripple which will increase conduction losses
and controller resources. Zhang et al. [13] and Zhou et al. [14]
proposed a ripple power control loop of dc/dc isolation-stage to
suppress SM capacitor voltage ripple, the regulator should be
designed carefully.

A cascaded modular isolated back-to-back solid state trans-
former (CMIB-SST) is demonstrated in Fig. 1(a), by replac-
ing one CHB by MMC in isolated CHBs based back-to-back
scheme, and replacing DAB by a six-terminal active bridge
(STAB) to provide galvanic isolation between the interconnected
systems as shown in Fig. 1(b). Switching synchronization hybrid
phase-shift modulation (SSHPSM) method is proposed for the
STAB to achieve low-frequency ripple component decoupling
with CHB-stage and MMC-stage SMs, thus SM capacitance
size can be reduced significantly as the ripple power on SM
capacitors are cancelled without the circulating current injection
strategy for the MMC-stage and the third harmonic voltage
injection strategy of both two ac/dc-stages.
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Fig. 1. CMIB-SST scheme. (a) CMIB-SST scheme interconnected by DAB.
(b) CMIB-SST scheme interconnected by STAB.

The rest of this article is organized as follows: In Section II,
the topology of CMIB-SST is illustrated, the voltage gain, power
flow and the ripple current mathematic model are analyzed. In
Section III, the CMIB-SST scheme interconnected by STAB and
the SSHPSM method of STAB are proposed, and the principle
of ripple current cancellation is also introduced. In Section IV,
the current stress of the switch is compared and the model
selection is carried out, the new capacitance constraints are
given and isolation-stage magnetic elements are designed, and
the system control strategy is demonstrated. In Sections V and
VI, simulation and experimental results are provided to vali-
date the theoretical analysis and the SSHPSM method. Finally,
Section VII concludes this article.

II. CMIB-SST SCHEME INTERCONNECTED BY DAB

A. Topology Configuration of CMIB-SST

The CMIB-SST consists of CHB-stage, DAB-stage and
MMC-stage is shown in Fig. 1(a) with two ac ports and a dc
port for distribution grid interconnection. The galvanic isolation
and interconnection between CHB-stage and MMC-stage are
realized by DAB and the number of DAB and SM in both the
CHB-stage and MMC-Stage are same. Each port of the power
distribution interface can implement bidirectional power flow.

B. AC/AC Voltage Magnitude Conversion Gain

The relationship between the voltage amplitude UVAC2 and
UVDC of VAC2 grid and Vdc bus can be expressed as

UVAC2 =
UVDCmM

2
(1)

where mM is the voltage modulation ratio of MMC-stage. Based
on the configure of MMC-stage, the voltage of VDC bus is
nUSM-M, then the voltage of VAC2 can also be expressed as
(2), where n is the number of SM in one arm of MMC-stage,
USM-M is the stable voltage of MMC-stage SM capacitor

UVAC2 =
nUSM−MmM

2
. (2)

The voltage of VAC1 can be expressed as

UVAC1 = 2nUSM−CmC = 2nNUSM−MmC (3)

where N is the DAB transformer turns ratio, mC is the voltage
modulation ratio of CHB-stage, USM-C is the voltage magnitude
of CHB-stage SM capacitor. According to (2) and (3), the
relation between voltage of VAC1 and VAC2 can be expressed
as

UVAC2

UVAC1
=

mM

4NmC
. (4)

Defining K = mM/(4NmC) as the voltage conversion gain
of grid interconnection in Fig. 1, which is controlled by the
voltage modulation ratio of CHB-stage, MMC-stage and the
transformer turns ratio. If the transformer turns ratio of isolation-
stage is 1 and the modulation ratio of the two ac/dc-stages is the
same, the scheme has at least four times ac voltage conversion
capability which could be used for 10 and 35 kV distribution
grid interconnection for example. Furthermore, the proposed
scheme could implement a wide voltage regulation by adjusting
the modulation or turn ratio parameters.

C. Power Flow

All the three ports of the CMIB-SST have the ability of
bilateral power control. The voltage and current of VAC1 and
VAC2 are shown in (5) and (6), where IVAC1, IVAC2 are the
current amplitude of VAC1 and VAC2 ports, ωF is the funda-
mental angular frequency, ϕC and ϕM are the CHB-stage and
MMC-stage power factor angles, respectively,{

uVAC1x (t) = UVAC1 · sin (ωF t)
iVAC1x (t) = IVAC1 · sin (ωF t+ϕC)

(5)
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{
uVAC2x (t) = UVAC2 · cos (ωF t)
iVAC2x (t) = IVAC2 · cos (ωF t+ϕM )

. (6)

The power of CHB-stage and MMC-stage is shown in (7) and
(8), where PVAC1, PVAC2 and PVDC are the power of VAC1,
VAC2 and Vdc bus, respectively, PSM-C and PSM-M are the SM
active power

PVAC1 = (3/2)UVAC1IVAC1cosϕC

= 6n · PSM−C = 6n · PSM−M (7)

PVAC2 = (3/2)UVAC2IVAC2cosϕM = 6n · PSM−M − PVDC.
(8)

The power between the SMs of CHB-stage and MMC-stage
is regulated by the phase-shift angle φ between the primary and
secondary ports of DAB, as shown in (9) [15], where fD is the
switching frequency of DAB, L is the DAB inductor

PSM−C = PSM−M =
NUSM−CUSM−M

2π2fDL
φ (π−φ) . (9)

D. Mathematical Model of Ripple Current

The phase current iVAC1x of CHB-stage and the upper arm
current iux of MMC-stage can be expressed, respectively, as

iVAC1x = IVAC1sin (ωF t+ ϕC + θCx) (10)

iux =
IVDC

3
+

IVAC2

2
cos (ωF t+ ϕM + θMx)

+ I2VAC2 cos (2ωF t+ ϕM + θ2Mx) (11)

where IVDC is the current of VDC bus, I2VAC2 is the amplitude of
the second-order-frequency ripple current component. θCx and
θMx are the initial phase angles of phase-x of CHB-stage and
MMC-stage, respectively, (x stands for phase-a, b, and c), θCa

= θC, θCb = θC-2π/3, θCc = θC+2π/3, and θMa = θM, θMb =
θM-2π/3 θMc = θM+2π/3, θ2Mx is the initial phase angle of the
second-order-frequency circulating current, where θ2Ma = θ2M,
θ2Mb = θ2M+2π/3 and θ2Mc = θ2M-2π/3. According to (10),
the charging current of the CHB-stage SM capacitor iSMx-C can
be expressed as (12) [13], where iSM-CDC is the dc component,
iSMx-CAC is the second-order-frequency component⎧⎨
⎩
iSMx−C = iSM−CDC + iSMx−CAC

iSM−CDC = IVAC1mC · cosϕC/2
iSMx−CAC = −IVAC1mC · cos (2ωF t+ ϕC + 2θCx) /2

.

(12)

Take the upper arm of MMC-stage for example, according to
(11) the charging current of SM capacitor of MMC-stage can be
expressed as (13) shown at the bottom of this page, [14], where
iSM-MuDC, iSMx-MuAC are the dc and ac components of iSMx-Mu

respectively, iSMx-MuAC1 and iSMx-MuAC2 are the fundamental
frequency and second-order-frequency components

The ac component in (12) and (13) will flow into the SM
capacitor thus voltage ripple is generated as shown in (14) and
(15), refer to [13] and [14], where, uSM-C is the SM capacitor
ripple voltage of CHB-stage. uSM-Mu is SM capacitor ripple
voltage of MMC-stage upper arm, Cx-C and Cx-M are the SM
capacitance of CHB-stage and MMC-stage

uSM−C = USM−C +
mCIVAC1 sin (2ωF t+ ϕC + θCx)

4ωFCx−C

(14)

uSM−Mu = USM−M +
1

Cx−M

×

⎡
⎢⎣

IVAC2

4ωF
sin (ωF t+ ϕM + θMx)

−mMIVDC
6ωF

sin (ωF t+ θMx)

−mMI2VAC2

4ω sin (ωFt− θMx + θ2Mx)

⎤
⎥⎦

+
1

Cx−M

[
−mMIVAC2

16ω
sin (2ωFt+ϕM+2θMx)

+
I2VAC2

4ωF
sin (2ωFt+ θ2Mx)

]
. (15)

E. SM Ripple Current Characteristics

According to (12) and (13), the vector diagrams of each fre-
quency ripple current component of CHB-stage and MMC-stage
is shown in Fig. 2. The second-order-frequency component of
the SM charging current of CHB-stage and the fundamental
frequency and second-order-frequency components of the SM
charging current of MMC-stage show three-phase symmetry. In
the CMIB-SST scheme shown in Fig. 1(a), the SM of CHB-stage
and MMC-stage are interconnected by DAB and there is no
connection between the three-phase SM, hence the capacitor
voltage ripple caused by the ac current components of SM shown
in Fig. 2 needs to be filtered by the large size capacitance as
shown in Fig. 3. Alternatively, the appropriate control strategies
strategy can be used to suppress the SM capacitor voltage

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iSM−Mux = iSM−MuDC + iSM−MuAC =
IVDC

6
− IVAC2mM

8
cosϕM︸ ︷︷ ︸

iSM−MDC

+ IVAC2

4 cos (ωF t+ ϕM + θMx)− IVDCmM

6 cos (ωFt+ θMx)

− I2VAC2mM

4 cos (ωF t− θx + θ2Mx)︸ ︷︷ ︸
iSMx−MuAC1

+
I2VAC2

2
cos (2ωF t+ θ2Mx)− IVAC2mM

8
cos (2ωF t+ ϕM + 2θMx)︸ ︷︷ ︸

iSMx−MuAC2

. (13)



11054 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

Fig. 2. Vector diagram of each-frequency AC component. (a) Second-order-
frequency of CHB-stage SM. (b) Fundamental frequency comment of MMC-
stage SM. (c) Second-order-frequency of MMC-stage SM.

Fig. 3. SM charging current distribution between CHB-stage and MMC-stage
of the CMIB-SST scheme interconnected by DAB.

Fig. 4. STAB-stage topology and SM charging current transfer process.

ripple [12], [13] but it is usually complicated and has limited
suppression effects.

III. CMIB-SST SCHEME INTERCONNECTED BY STAB

A. Topology Configuration of STAB

This article proposed the CMIB-SST with a STAB based
isolation-stage is shown in Fig. 4 to improve performance of
scheme in Fig. 1(a). The primary side of TC and TM is con-
nected to FBC and FBM, respectively, and the secondary side
is connected to the STAB inductor LS. Full bridges FBCs with
their high-frequency transformer (HFT) TC are defined as the
primary side of STAB-stage and full bridges FBMs with their
HFT TM are defined as the secondary side of STAB-stage.
The CMIB-SST scheme interconnected by STAB is shown in
Fig. 1(b), the three-phase SMs of CHB-stage and MMC-stage
are respectively connected to the full-bridge FBC and FBM.

Fig. 5. Equivalent model and modulation waveforms of FBC and FBM under
SSHPSM method. (a) Equivalent model of STAB. (b) Equivalent modulation
waveforms of SSHPSM method.

For the purpose of SM capacitance minimization design of
CMIB-SST scheme, the SSHPSM method is proposed in this
article. Under the SSHPSM method of the STAB, the low-
frequency ripple currents between the three-phase SMs of CHB-
stage and MMC-stage will be decoupled with the SM capacitors
and transfer to the primary sides of transformers TC and TM

which will be cancelled based on the three-phase symmetry, so
as to reduce the SM capacitance of both AC/DC-stages. The
SSHPSM method is studied in Section III-B, and the transmis-
sion and cancellation process of low-frequency ripple current
are also analyzed in Section III-C.

B. Modulation Method of STAB

Neglecting the switching-frequency components of iSM-Cx

and iSM-Mux, the CHB-stage and the MMC-stage both can be
equivalent to a current source which is composed of a dc current
source superimposed with a low frequency AC current source.
Then the equivalent model of STAB-stage is shown as Fig. 5(a),
where upx-C and ipx-C are the equivalent modulation voltages
and currents of the FBCs, upx-M and ipx-M are the equivalent
modulation voltages and currents of the FBMs. The SSHPSM
method is shown in Fig. 5(b), the phase-angles of three FBCs
are all φFBC, the phase-angles of three FBMs are all φFBM. All
the duty ratio of six gate signals is 0.5.

With the proposed SSHPSM method, in a switching cycle, the
STAB has four phases T1∼T4, and T1+T2 = T3+T4. In T1, as
shown in Fig. 6(a), all the three FBCs are equivalent connected
in parallel and the terminal voltage of TC is USM-C, all the
three FBMs are equivalent connected in parallel and the terminal
voltage of TM is -USM-M; In other phases, the equivalent parallel
characteristics are still satisfied, and the transformer terminal
voltage is summarized as follows: In T2, the terminal voltage
of TC is USM-C, the terminal voltage of TM is USM-M; In T3,
the terminal voltage of TC is -USM-C, the terminal voltage of
TM is USM-M; In T4, the terminal voltage of TC is -USM-C,
the terminal voltage of TM is -USM-M. The equivalent model of
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Fig. 6. Equivalent models of HFL of STAB-stage primary and secondary sides.
(a) T1. (b) T2. (c) T3. (d) T4.

Fig. 7. Equivalent model of switched-capacitor circuits.

high frequency link (HFL) established by the three-phase SM
capacitors of CHB and MMC-stages and primary and secondary
side H-bridges of STAB-stage is shown in Fig. 6.

The phase-shift angle between FBC and FBM is φ = φFBC

- φFBM, the active power transfer between the primary and
secondary sides of STAB-stage is controlled by the phase shift
modulation and the inductor current iLs is shown as Fig. 5(b).

It can be seen from Fig. 6 that the three-phase SM capacitors
are interconnected by the full bridges with their transformer
primary windings of TC and TM of STAB-stage in each half
duty cycle and form the switched-capacitor circuits, so the FBCs
and FBMs of STAB-stage operate in switched-capacitor mode
as shown in Fig. 7, where NC and NM are the transformer turns
ratio of the TC and TM. GC and GM are voltage conversion gains
in different time periods, in T1, GC is 1, GM is -1; in T2, GC is
1, GM is 1; in T3, GC is -1, GM is 1; in T4, GC is -1, GM is -1. In
Fig. 7, the three-phase SMs are equivalent connected in parallel
and their voltages are same at the steady-state stage of the half
duty cycle.

C. Ripple Current Elimination by STAB

In the switched-capacitor circuits equivalent model as shown
in Fig. 7, the SM charging currents iSMx-C and iSMx-Mu consist
of the dc component iSM-CDC, iSM-MuDC and ac component
iSMx-CAC, iSMx-MuAC. For the dc component, the SM capaci-
tance impedance tends to infinity, so the dc power is transferred
between the primary and secondary sides of STAB-stage.

For the ac component, the analysis of the ripple current
transmission process is as follows. Considering the influence of
leakage impedance, the equivalented circuit of Fig. 7 is shown in

Fig. 8. Equivalent model of switched-capacitor circuits considering leakage
inductance.

Fig. 8, where LTx-C, ZTx-C, and LTx-M, ZTx-M are the leakage
inductance and the leakage inductance impedance of the TC and
TM primary sides, respectively, and ZTx-C = jωLTx-C, ZTx-M

= jωLTx-M. CLx-C, ZCLx-C and CLx-M, ZCLx-M are the SM
capacitance and the capacitance impedance of the CHB-stage
and MMC-stage respectively, and ZCLx-C=1/jωCLx-C, ZCLx-M

= 1/jωCLx-M, ω is any angular frequency.
Take the phase-x SM of CHB-stage as an example, defining set

P = {a, b, c} and x, y, z�P, then the equivalent input impedance
of the phase-x of STAB-stage primary side is defined as Zex

shown in (16), at the bottom of the next page, which includes
the ZLTx-C of phase-x and ZCLy-C and ZLTy-C of the other
two phases. The ripple-current iSMx-CAC flowing into the SM
capacitor and STAB-stage primary side are defined as iCx-CAC

and iSx-CAC, respectively. According to the relationship between
ZCx and Zex, iCx-CAC and iSx-CAC can be expressed as (17)⎧⎨
⎩
iSMx−CAC = iCx−CAC + iSx−CAC

iCx−CAC = iSMx−CAC × Zex/ (ZCLx−C + Zex)
iSx−CAC = iSMx−CAC × ZCLx−C/ (ZCLx−C + Zex)

.

(17)

For Fig. 8, taking phase-x as an example, iSMx-CAC of the
other two-phases is set to be open circuits, iSx-CACy is the
currents flowing into other two phases from the equivalent ac
current source iSx-CAC, which can be expressed as{
iSx−CAC =

∑
y∈P,y �=x iSx−CACy

iSx−CACy = iSx−CAC×(ZLTz−C +ZCLz−C)
ZLTy−C +ZLTz−C +ZCLy−C +ZCLz−C

, z �= y �= x
.

(18)
Taking phase-a as an example, according to the superposition

theorem, the response of iCa-C is equal to the algebraic sum of
the response of iCa-CAC, iSb-CACa and iSc-CACa by considering
the equivalent ac current sources of phase-a, b and c which can
be expressed as

iCa−C = iCa−CAC + iSb−CACa + iSc−CACa

=
iSMa−CACZea

ZCLa−C + Zea
+

iSMb−CACZCLb−C

ZCLb−C + Zeb

· ZLTc−C + ZCLc−C

ZLTa−C + ZLTc−C + ZCLa−C + ZCLc−C
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Fig. 9. Proportion of ripple current flowing into the SM capacitor in SM ripple
current varies with CL and LT. (a) Three-dimensional view. (b) Two-dimensional
view.

+
iSMc−CACZCLc−C

ZCLc−C + Zec

· ZLTb−C + ZCLb−C

ZLTa−C + ZLTb−C + ZCLa−C + ZCLb−C
(19)

Assuming the parameters of the SM capacitance and leakage
inductance of HFT are consistent, that are, ZCLa-C = ZCLb-C =
ZCLc-C = 1/jω2ndCL, ZLTa-C = ZLTb-C = ZLTc-C = jω2ndLT,
ω2nd is the second-order angular frequency. To focus the second-
order-frequency ripple voltage depression, iCa-C in (19) can be
rewritten as (20) combined with (12) considering second-order-
frequency component, the definition W represents the gain factor
of the second-order-frequency ripple current flowing into the SM
capacitor

iCa−C = iCa−CAC + iSb−CACa + iSc−CACa

= iSMa−CAC · 1

1 + 1
w2

2ndLTCL

= iSMa−CAC ×W.

(20)

According to (20), the ||W|| varies with CL and LT is shown in
Fig. 9. It can be seen that the ripple current cannot completely
decouple with the SM capacitor indeed, but it might be very
small or even the impact can be neglected considering the
value of the leakage inductance parameter. For example, ||W||
is less than 0.008 when LT is less than 10 uH, and ||W|| is less
than 0.004 when LT is less than 5uH as shown in Fig. 9(b).
Therefore, the leakage inductance of the HFT of STAB-stage
is need to be designed as small as possible so that the iCa-C

approaches zero which means that the ripple current iSMx-CAC

is completely decoupled with the SM capacitor and transferred
to the primary side of TC of STAB-stage based on the low
impedance characteristics of equivalent connected in parallel
without the additional ripple power transfer control.

Fig. 10. Transfer process of ripple current based on switched-capacitor cir-
cuits.

The SM low-frequency ripple current of MMC-stage is trans-
mitted to the primary side of TM based on the same principle.
Low-frequency AC component iSMx-CAC flows into point “A”
and iSMx-MuAC flows into point “B” in the switched-capacitor
circuits and are both cancelled based on the three-phase sym-
metry, therefore, only active power is transferred between the
primary and secondary sides of STAB-stage as shown in Fig. 10.

D. Influence of the Primary Side Leakage Inductance
Inconsistency in HFT

Generally, assuming the parameters of the SM capacitance are
consistent, that is, ZCLa-C = ZCLb-C = ZCLc-C = 1/jω2ndCL

considering second-order-frequency component. But the leak-
age inductance of each winding cannot be exactly the same in
practical. Supposing that ΔLT1 is the difference value between
LTa-C and LTb-C, and ΔLT2 is the difference value between
LTa-C and LTc-C, then the leakage inductance impedance of the
CHB-stage transformer can be rewritten as ZLTa-C = jω2ndLTa,
ZLTb-C = jω2nd(LTa+ΔLT1), ZLTc-C = jω2nd(LTa+ΔLT2),
iCa-CAC and iSa-CAC in (17) can be further expressed as (21),
shown at the bottom of the next page, and the ripple currents
iSb-CACa and iSc-CACa from phase-b and phase-c to phase-a
respectively can be written as (22):⎧⎨
⎩
iSb−CACa = iSb−CAC

ω2
2ndCL(LTa +ΔLT2)+1

ω2
2ndCL(2LTa +ΔLT2)+2

iSc−CACa = iSc−CAC
ω2

2ndCL(LTa +ΔLT1)+1

ω2
2ndCL(2LTa +ΔLT1)+2

. (22)

The above analysis is also applied to MMC-stage. According
to the small leakage design requirement in Section III-C and
manufacturing technique of the transformer in practical high-
power application [16], the range of LTa is set as 1∼10 uH, the
maximum value of ΔLT1 and ΔLT2 are set to 50% of the LTa.
In order to simplify the analysis of the influence of inconsistent
primary leakage inductance of the transformer on ripple current

Zex =

[
ZLTx−C

∑
y∈P,y �=x

(ZLTy−C + ZCLy−C)+∑
y,z∈P,z �=y �=x (ZLTy−CZCLz−C) +

∏
y∈P,y �=x ZLTy−C +

∏
y∈P,y �=x ZCLy−C

]
∑

y∈P,y �=x (ZLTy−C + ZCLy−C)
(16)
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Fig. 11. Proportion of ripple current flowing into the SM capacitor in SM
ripple current varies with CL and ΔLT. (a) Three-dimensional view. (b) Two-
dimensional view.

decoupling, LTa is set as 5uH, ΔLT1 = ΔLT2 = ΔLT and
the maximum value is 5uH which means the maximum value
of LTb and LTc is 10 uH. The iCa-C in (19) can be rewritten
as (23) combined with (12), (21) and (22), the definition WT

represents the gain factor of the second-order-frequency ripple
current flowing into the SM capacitor considering the leakage
inductance inconsistency

iCa−C = iCa−CAC + iSb−CACa + iSc−CACa

= iSMa−CAC · 1

1 + 3
ω2

2ndCL(3LTa+ΔLT )

= iSMa−CAC ·WT . (23)

According to (23), the ||WT|| varies with CL andΔLT is shown
in Fig. 11. It can be seen that when the primary side leakage
inductance of the transformer is consistent, that is, ΔLT = 0,
the gain factor ||WT|| = ||W|| = 0.0039 corresponding to LT of
5 uH as shown in Fig. 9. When the leakage inductance difference
between the primary side windings increases to 5 uH, ||WT||
increases from 0.0039 to 0.0052 as shown in Fig. 11(b), the
variation trend is consistent with Fig. 9, and the impact of leakage
inductance inconsistency can be neglected when the leakage
inductance is reduced as small as possible in design.

IV. PARAMETER CONSTRAINT AND PERFORMANCE

EVALUATION OF TWO SCHEMES

The performance of the CMIB-SST scheme interconnected
by DAB and the CMIB-SST scheme interconnected by STAB

Fig. 12. The comparison of evaluated units of two schemes. (a) CMIB-SST
scheme interconnected by DAB. (b) CMIB-SST scheme interconnected by
STAB.

are compared from the evaluated units shown in Fig. 12, in-
cluding three-phase SMs, DAB and STAB switches, inductors
and transformers which account for the largest proportion of the
system volume. The variables and components parameters given
in Table I.

A. Current Stress Assessment and Switch Selection

In the evaluated units as shown in Fig. 12, the current stresses
of CHB-stage and MMC-stage SM under the two schemes are
consistent and can be evaluated according to (12) and (13). The
DAB-stage and STAB-stage current stresses can be evaluated by
the transformer peak current. The CMIB-SST scheme intercon-
nected by STAB transfers the SM ripple current from the CHB
and MMC-stages to the primary side of the HFT of STAB-stage,
so that the transformer suffers a larger peak current compared
with the CMIB-SST scheme interconnected by DAB.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iCa−CAC

= iSMa−CAC

⎛
⎜⎜⎝

⎡
⎣ ω4

2ndC
2
L

(
3L2

Ta + 2LTaΔLT1 + 2LTaΔLT2 +ΔLT1ΔLT2

)
+ω2

2ndCL (4LTa +ΔLT1 +ΔLT2) + 1

⎤
⎦

⎡
⎣ω

4
2ndC

2
L

(
3L2

Ta + 2LTaΔLT1 + 2LTaΔLT2 +ΔLT1ΔLT2

)
+2ω2

2ndCL (3LTa +ΔLT1 +ΔLT2) + 3

⎤
⎦

⎞
⎟⎟⎠

iSa−CAC

= iSMa−CAC

⎛
⎜⎜⎝ ω2

2ndCL(2LTa+ΔLT1+ΔLT2)+2⎡
⎣ ω4

2ndC
2
L

(
3L2

Ta + 2LTaΔLT1 + 2LTaΔLT2 +ΔLT1ΔLT2

)
+2ω2

2ndCL (3LTa +ΔLT1 +ΔLT2) + 3

⎤
⎦

⎞
⎟⎟⎠

(21)
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TABLE I
PARAMETERS

Under the parameters in Table I, the primary and secondary
side currents of the DAB transformer are shown in (24), the
capacitor voltage USM-C and USM-M of CHB and MMC stages
are equal and defined as USM, and the maximum value of the
primary and secondary side transformer currents IPM and ISM
are expressed as (25) [17]

ipx−C(DAB) = ipx−M(DAB) =
NUSM

2π2fDL
φ (π − φ) (24)

IPM = ISM =
nUSM − USM (1− 2φ/π)

4fDL
. (25)

The transformer current at the primary and secondary sides
of STAB-stage is shown in (26) at the bottom of this page,
based on double Fourier transformation and Taylor expansion,
where ωS is switching angular frequency of STAB-stage, ILs is
the maximum value of STAB inductor current, which can also
be evaluated according to (25). The low-frequency components

TABLE II
SWITCHING CURRENT STRESS EVALUATION AND DEVICE SELECTION UNDER

DIFFERENT SCHEMES

exist with the form of sideband harmonics in the primary side
high-frequency modulation currents of HFT which leads to the
increasement of the STAB switching current stress

The SM switches are evaluated according to (12) and (13), and
DAB-stage and STAB-stage switches are evaluated according
to (25) and (26). The switch current stress, switch model, and
specification parameters in the evaluated units of Fig. 12 are
given in Table II, the switch selection is based on Infineon’s
IGBT for high-power and current applications, the cost data
of the switch comes from Digi-Key Electronics. The current
stress of the CHB and MMC-stages switches in the CMIB-
SST scheme interconnected by STAB are consistent with the
CMIB-SST scheme interconnected by DAB, so the same model
of switch is adopted. The current stress of primary and secondary
side switches of STAB-stage is larger than that of DAB-stage,
therefore, switches with higher current stress should be adopted
in STAB-stage, but the volume of switches with higher current
stress does not change and the switch volume accounts for

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ipx−C(STAB) =
2IVAC1mC

π

∑∞
j=1

sin [(2j − 1)ωSt]

2j − 1︸ ︷︷ ︸
Activecurrent

+
IVAC1mC

π

∑∞
j=1

cos [[(2j − 1)ωS ± 2ωF ] t+ θx]

2j − 1︸ ︷︷ ︸
2nd−order−frequencysidebandharmonics

ipx−M(STAB) =
4ILs

3π

∑∞
j=1

sin [(2j − 1)ωSt]

2j − 1︸ ︷︷ ︸
Activecurrent

+

(
IVAC2mM

2π
− IVDCmM

3π

)∑∞
j=1

cos [[(2j − 1)ωS ± ωF ] t+ θx]

2j − 1︸ ︷︷ ︸
Fundamentalsidebandharmonics

+
IVAC2mM

4π

∑∞
j=1

cos [[(2j − 1)ωS ± 2ωF ] t+ θx]

2j − 1︸ ︷︷ ︸
2nd−order−frequencysidebandharmonics

. (26)
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Fig. 13. Comparison of switch and SM capacitor volume and cost of two
schemes. (a) Volume. (b) Cost.

a relatively small proportion in the total system volume as
shown in Fig. 13(a), and the cost only increases by 26% as
shown in Fig. 13(b) in the evaluated units as shown in Fig. 12.
However, combined with the subsequent SM capacitor design
of Section IV-B, the capacitance minimizing brings significant
advantages to the system. As shown in Fig. 13(a) and (b),
when electrolytic capacitor is adopted, the volume and cost of
the SM capacitors are reduced by 80% and 85%. When film
capacitor is adopted the cost and volume of the SM capacitors
are reduced by 87.5% and 87.5% as shown in Fig. 13(a) and (b).
The proposed CMIB-SST scheme interconnected by STAB still
has great advantages.

B. Constraints of SM Capacitors

Large capacitance is required for the SM of the CMIB-SST
scheme interconnected by DAB shown in Fig. 1(a) to suppress
the low-frequency voltage ripple of CHB-stage and MMC-stage
shown in (14) and (15), the capacitance constraint of CHB-stage
can be derived from [13] as

Cx−C ≥ mCIVAC1

4εUSM−CπfF
(27)

where Cx-C is the SM capacitance constraint of the CHB-stage
of the CMIB-SST scheme interconnected by DAB, fF is the fun-
damental frequency, ε is the voltage ripple coefficient. The SM
capacitor of the MMC-stage needs to smooth the DC voltage and
absorb the fundamental-frequency and second-order-frequency
voltage ripple. The capacitance constraint of MMC-stage can be

obtained according to [18] as

Cx−M ≥
P
(
1− (mM cosϕM

2

)2) 3
2

6nmMU2
SM−MεπfF cosϕM

(28)

where Cx-M is the SM capacitance constraint of MMC-stage of
the CMIB-SST scheme interconnected by DAB, P is the real
power transferred.

According to the analysis in Section III-C, after the low
frequency ripple current is eliminated, the SM capacitors of the
CMIB-SST scheme interconnected by STAB shown in Fig. 1(b)
only need to absorb the switching harmonics generated by the
SMs of CHB-stage and MMC-stage and the full bridges of
STAB-stage during the pulse width modulation process. Since
the switching frequency of the STAB-stage is much higher than
that of the CHB-stage and MMC-stage, the harmonic current
need to be handled by the SM capacitor mainly comes from the
latter. Taking the CHB-stage as an example, the charging energy
of the SM capacitor in a switching cycle is

ΔESM =
iSMx−CACmaxDSM

fC
(29)

where DSM is the duty ratio of the switches in the SM full-bridge
which maximum value is equal to mC and less than 1, fC is the
switching frequency of CHB-stage. And the capacitance voltage
ripple caused by ΔESM is (30), where the CLx-C is the small
capacitance of CHB-stage:

εUSM−C =
ΔESM

CLx−C
=

mCiSMx−Cmax

CLx−CfC
. (30)

Therefore, the new capacitance constraint of CHB-stage SM
is

CLx−C ≥ IVAC1m
2
C

2εUSM−CfC
. (31)

And similarly, the new capacitance constraint of MMC-stage
SM can be similarly obtained as

CLx−M ≥ mM iSMx−MuACmax

εUSM−MfM
=

(1 + 2m2
M )IVAC2

16εUSM−MfM
(32)

where when the low-frequency ripple is suppressed and the influ-
ence of I2VAC2 is neglected, according to [19], the θ2Mx tends to
zero when ϕMx tends to zero, considering the maximum current
condition, that is the IVDC is equal to zero, iSMx-MuACmax can
be calculated by taking the extreme value of (13).

In conclusion, the SM capacitance constraints of the CHB-
stage and MMC-stage of the CMIB-SST scheme interconnected
by DAB are in (27) and (28) respectively, the SM capacitance
constraints of the CHB-stage and MMC-stage of the CMIB-SST
scheme interconnected by STAB are in (31) and (32).

Based on the parameters in Table I and the constrains of SM
capacitance under two schemes, the SM capacitor specifications
are given in Table III, the parameter of capacitor is based on
TDK’s electrolytic capacitor and film capacitor, the cost data
of capacitor comes from Mouser Electronics. The volume and
cost of the capacitors in evaluated units are compared as shown
in Fig. 14. It can be seen that when electrolytic capacitors are
used, the volume of SM capacitors in the CMIB-SST scheme
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TABLE III
SM CAPACITOR PARAMENTS AND SPECIFICATIONS

TABLE IV
MAGNETIC CORE SPECIFICATION OF TRANSFORMERS

interconnected by STAB is reduced by 80% compared with the
CMIB-SST scheme interconnected by DAB, and the cost is
reduced by 85%. When the film capacitors are used, the volume
of SM capacitors in the CMIB-SST scheme interconnected by
STAB is reduced by 87.5% compared with the CMIB-SST
scheme interconnected by DAB and the cost is reduced by
87.5%.

C. Design of Magnetic Elements

The transformer structure and isolation structure of two-
winding transformer TDAB of DAB and the four-winding trans-
formers TC and TM of STAB are shown in Fig. 15. The specifi-
cations of magnetic cores are given in Table IV.

The winding configure of DAB transformer and STAB are
shown in in Fig. 15. The gap from shell to the surface of
the magnetic core is defined as dshell and dshell1 is named
for the VAC1 side and dshell2 is named for the VAC2 side; dcw is
the insulation distance between the iron yoke and the winding;

Fig. 14. Histogram of the SM capacitor volume and cost comparison.
(a) Volume. (b) Cost.

TABLE V
ISOLATION VOLTAGE LEVEL AND INSULATION DISTANCE

dgap and dcp can be set as the minimum which are limited by
the skeleton of the transformer in practice; dps is the insulation
distance between the primary and secondary side windings of
TDAB, TC and TM; dpp is the insulation distance between the
adjacent primary side windings of TC and TM; The insulation
distance can be calculated as

dins =
Vref

KinsEins
(33)

where Vref is low-frequency voltage isolation level in the trans-
former design considering the long-term operation of the trans-
former, refer to IEEE Std. C57.12.01[20]. Eins is the dielectric
constant of the insulation material which is 23.8 kV/mm in
the case of epoxy resin, kins is a coefficient representing the
insulation margin which is 0–1. The isolation voltage level and
insulation distance of each transformer are given in Table V.

Finite-element method (FEM) simulations are carried out to
verify the insulation distance design of the TDAB, TC, and TM.
The distribution of the electric field is presented in Fig. 16
with the applied voltages in Table V. The maximum dielectric
strength in the insulation layer is 8.79, 12.2, and 11.3 kV/mm,
respectively, which are less than the dielectric strength of the
epoxy resin, so the insulation distance satisfies the requirements.

In the TC and TM in STAB-stage of the CMIB-SST scheme
interconnected by STAB, the primary side windings completely
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Fig. 15. Transformer and isolation structures of two schemes. (a) Two-winding
transformer of DAB. (b) Four-winding transformers of STAB.

Fig. 16. FEM simulation results of electric field in the transformer (1/4 region)
of two schemes. (a) TDAB of the DAB-stage. (b) TC of the primary side of the
STAB-stage. (c) TM of the secondary side of the STAB-stage.

cover the core and are covered by the secondary side winding
to reduce the leakage inductance of the HFT and satisfy the
requirement that the leakage inductance is designed to be as
small as possible in Section III-C. The magnetic field strength
distribution of TC and TM is shown in Fig. 17(a) and (b).

The leakage inductance is about 10.8, 6.0, and 10.8 uH of the
primary side of TC and the leakage inductance is about 8.8, 4.4,
and 8.8 uH of the primary side of TM. The influence of trans-
former leakage inductance on the decoupling of ripple current
can be ignored as shown in Fig. 9. The leakage magnetic path
between the primary and secondary side windings close to the
upper and lower yoke is symmetric, and the leakage inductance
of the winding is approximately equal, the leakage inductance of
the winding is negatively correlated with the minimum distance
from the upper and lower yoke, and the leakage inductance of
the winding far away from the yoke is smaller, the difference

Fig. 17. Magnetic field strength distribution of two transformers of STAB.
(a) TC. (b) TM.

Fig. 18. Temperature distribution of two transformers of STAB. (a) TC.
(b) TM.

Fig. 19. Comparison of transformers in evaluated units of two schemes.
(a) Transformers in the evaluated unit of the CMIB-SST scheme interconnected
by DAB. (b) Transformers in the evaluated unit of the CMIB-SST scheme
interconnected by STAB.

between the primary side leakage inductance of the transformer
is less than 4.8uH, and its impact can also be neglected as shown
in Fig. 11.

The temperature distribution of TC and TM is shown in
Fig. 18(a) and (b). The core temperature of TC is about 53 °C,
the maximum winding temperature is about 118 °C, the core
temperature of TM is about 58 °C, and the maximum winding
temperature is about 136 °C.

The overall structure of the transformers under the two
schemes are shown in Fig. 19. The volumes of TDAB, TC, and TM
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TABLE VI
MAGNETIC CORE SPECIFICATION OF INDUCTORS

Fig. 20. Comparison of inductors in evaluated units of two schemes. (a) Three
inductors in the evaluated unit of the CMIB-SST scheme interconnected by DAB.
(b) One inductor in the evaluated unit of the CMIB-SST scheme interconnected
by STAB.

are 10, 22, and 20.5 dm3, respectively. In the evaluated unit of the
CMIB-SST scheme interconnected by DAB, the total volume
of three transformers is 30 dm3. In the evaluated unit of the
CMIB-SST scheme interconnected by STAB, the total volume
of transformers TC and TM is 42.5 dm3, which increases by 29%.

Two magnetic particle cores with model NPH500060 are used
in parallel for the inductor in DAB, and three magnetic cores with
the same model in parallel are used for the inductor in STAB.
The magnetic specifications are given in Table VI.

In the two evaluated units shown in Fig. 12, the overall
structure of the inductors is compared as shown in Fig. 20. The
total volume of the three inductors in the evaluated unit of the
CMIB-SST scheme interconnected by DAB is 3.97 dm3, and the
volume of one inductor in the evaluated unit of the CMIB-SST
scheme interconnected by STAB is 2.5dm3, reducing by 37%.

D. Control Diagram

The control strategy of the CMIB-SST scheme is shown in
Fig. 21. In the CMIB-SST scheme interconnected by DAB,
control loops within dotted rectangle are required to realize
the low frequency voltage ripple suppression of SM in both
ac/dc-stages, which is not needed in the proposed CMIB-SST
scheme interconnected by STAB, and the system control is
simple.

Fig. 21(a) shows the control strategy of CHB-stage, the
average value uSM-Cavg of all the SM capacitor voltages is
taken as the feedback of the voltage loop to stabilize the SM

Fig. 21. Each stage control strategy of CMIB-SST schemes. (a) CHB-stage.
(b) MMC-stage. (c) Voltage control of DAB/STAB.

capacitor voltage. Besides, the SM capacitance voltage uSMx-C

is controlled to balance the SM capacitance voltage. Fig. 21(b)
shows the MMC-stage control strategy which adopts a single
current close loop control under the synchronous reference
frame to realize the unit power factor. Fig. 21(c) shows the
DAB/STAB control strategies, the secondary side port voltage
uFBM of DAB/STAB-stage serves as the feedback of the external
voltage loop to stabilize STAB-stage port voltage and realize the
SM capacitor voltage balanced of the MMC-stage, so the SM ca-
pacitor voltage balance strategy of MMC-stage can be neglected.
The power control between the primary and secondary sides of
DAB/STAB-stage is realized by single phase shift modulation.

When the STAB-stage of the CMIB-SST scheme intercon-
nected by STAB adopts the proposed SSHPSM method as shown
in Fig. 21(c). The power flowing between the FBC and FBM

is achieved by the phase-shift modulation, and under SSHPSM
method, the three-phase SM capacitors of MMC-stage and CHB-
stage show equivalent connected in parallel characteristics, re-
spectively, that is the switched-capacitor characteristics which
allowing the ripple current flow freely between SMs, and be
cancelled based on three-phase symmetry, and for MMC-stage
the circulating current will not appear due to the suppression
of the second-order-frequency ripple current. Therefore, com-
pared with the CMIB-SST scheme interconnected by DAB with
capacitors size reduced by proper control strategies, the third
harmonic voltage injection strategy is not needed for CHB-stage
and MMC-stage, and the circulating current injection strategy is
not needed for MMC-stage which simplifies the control strategy.

E. Performance Evaluation Summary

Comparing the two evaluated units in Fig. 12, the CMIB-SST
scheme shown in Fig. 1(b) is optimized in terms of topology,
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Fig. 22. Evaluated unit volume comparison of two schemes.

TABLE VII
MULTIFACETED EVALUATION OF DIFFERENT SCHEMES

control strategy, system volume and cost. Under the evaluated
units in Fig. 12, the significant advantages of the CMIB-SST
scheme interconnected by STAB include that:

1) When the SM capacitors of CMIB-SST schemes use elec-
trolytic capacitors, compared with CMIB-SST scheme
interconnected by DAB, the total volume in evaluated units
is reduced by 36%, and when the film capacitors are used,
the total volume is reduced by 67% as shown in Fig. 22.

2) The control strategies of CHB-stage and MMC-stage are
also simple, the circulating current injection strategy is
not essential for the MMC-stage, and neither the third har-
monic voltage injection strategy of the two ac/dc-stages.

The specific comparison of different schemes is given in
Table VII.

V. SIMULATION RESULTS

In order to verify the effectiveness of the proposed power
distribution interface, a simulation platform of the CMIB-SST

TABLE VIII
SIMULATION AND EXPERIMENTAL PARAMETERS

scheme interconnected by STAB is built in PLECS which sim-
ulation platform parameters are given in Table VIII, and the
SM capacitance of the CHB-stage and MMC-stage are given
according to (31) and (32).

A. AC Power and DC Voltage Control

Fig. 23 is the voltages and currents of VAC1 grid, VAC2 grid,
and Vdc bus.

Before t = 1s, VAC1 grid feeds VAC2 grid 10 MW and VDC
bus 2 MW. When t = 1 s, the power of VAC2 grid switches
to 5 MW, and the power of VAC1 grid responds to the power
demand of the system and outputs 7 MW under the control
strategy shown in Fig. 21.

B. Ripple Current Decoupling and Cancellation

Fig. 24 is the HFT voltage and current waveforms of TC

and TM of STAB-stage corresponding to the SSHPSM method
shown in Fig. 5(b). The FBC and FBM adopt SSHPSM method
and the power flow is realized by phase-shift modulation.

Fig. 25 is the SM ripple current transfer of the CHB and MMC-
stages under the proposed SSHPSM method. Fig. 25(a) is the
SM charging current of CHB-stage in (12) and the SM charging
current of MMC-stage in (13), under SSHPSM method, the dc
component of SM charging current transfer between the primary
and secondary sides of STAB-stage by phase-shift modulation,
the second-order-frequency component of the CHB-stage SM
charging current, the fundamental frequency and second-order-
frequency components of the MMC-stage SM charging current
are transmitted to the FBC and FBM based on the low impedance
characteristic of equivalent connected in parallel of switched-
capacitor circuits under synchronization modulation as shown
in Fig. 25(c). Therefore, the SM capacitor currents of CHB and
MMC-stages mainly contain the switching harmonics generated
by the SM of CHB-stage and MMC-stage during the pulse width
modulation process as shown in Fig. 25(b).
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Fig. 23. System AC power flow and DC voltage waveforms of the CMIB-SST
scheme interconnected by STAB.

Fig. 24. Waveforms of modulation voltage and current of SSHPSM method.

Fig. 26(a) is the FFT analysis results in Figs. 25(a), 26(b),
and (c) correspond to Fig. 24(b) and (c), respectively. The SM
capacitor currents of the two ac/dc-stages hardly contain low-
frequency ripple current components which mainly flow into the
STAB-stage and further realize decoupling between three-phase
SMs. Therefore, the SM capacitor only needs to deal with the
high-frequency switching harmonics.

Fig. 27 shows the HFT primary side currents of TC and TM

of STAB-stage, the low-frequency components exist with the

Fig. 25. Waveforms of SM ripple current transfer of CHB and MMC-stages.
(a) Waveforms of the SM charging current. (b) Waveforms of the SM capacitor
current. (c) Waveforms of the input current of full bridges of primary and
secondary sides of STAB-stage.

Fig. 26. FFT analysis results of SM low-frequency ripple current of CHB and
MMC-stages. (a) SM charging current. (b) Capacitance current. (c) FBC and
FBM input current of STAB-stage.

form of sideband harmonics in the primary side high-frequency
modulation currents of HFT as shown in (26). The ipx-C is
the primary side modulation current of TC which ripples in
the form of the second-order-frequency, ipx-M is the primary
side modulation current of TM which ripples in the form of
the fundamental frequency superposed by the second-order-
frequency, and iLs is the STAB inductor current. The above
current waveforms indicate that, under SSHPSM method, the dc
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Fig. 27. Waveforms of HFT primary side currents of TC and TM and the
inductor current of STAB.

Fig. 28. SM capacitor voltages of CHB and MMC-stages. (a) CHB-stage.
(b) MMC-stage.

power and low-frequency ripple power can flow to the primary
sides of the transformers TC and TM through FBCs and FBMs.
After the ripple power decoupling with the SM capacitors and
cancelling at the primary sides of TC and TM based on the
three-phase symmetry, as analyzed in Section III-C, only dc
power is transferred between the primary and secondary sides
of the STAB through the inductor.

Fig. 28 is the SM capacitor voltages of CHB and MMC-stages.
Under the small capacitance constraint of (31) and (32), the SM

Fig. 29. Scaling down experimental prototype of CMIB-SST system inter-
connected by STAB. (a) Evaluated unit. (b) Overall structure of the main power
circuit. (c) Controller unit.

capacitance of CHB-stage is 300uF and the capacitor voltage
ripple is 2.5%, as shown in Fig. 27(a), the SM capacitance of
MMC-stage is 400 uF and the capacitor voltage ripple is 4.5%,
as shown in Fig. 27(b). It can be seen that the CMIB-SST scheme
interconnected by STAB under SSHPSM method can suppress
the SM capacitor voltage ripple under the new small capacitance
constraint. Therefore, film capacitor with small capacitance can
be used, which is beneficial to security and life of the module of
the SST.

VI. EXPERIMENTAL RESULTS

A 1 kW small-scale test prototype of the CMIB-SST scheme
interconnected by STAB is built in this article, the experimental
parameters are given in Table VIII and the experimental proto-
type is shown in Fig. 29. Fig. 29(a) corresponds to the evaluated
unit shown in Fig. 12(b), which is composed of two parts; one
is the CHB three-phase SM and STAB primary side full bridge
and transformer TC, and the other is the MMC three-phase SM
and STAB secondary side full bridge and transformer TM. The
STAB primary and secondary sides are connected through STAB
inductor Ls. Fig. 29(b) shows the overall structure of the main
power circuit composed of 2n (n = 2) evaluated units. Fig. 29(c)
is the dSPACE based controller unit. The SM capacitance is 160
uF of CHB-stage and 270 uF of MMC-stage according to (31)
and (32), and 220 and 330 uF capacitor are used in experiments.
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Fig. 30. Waveforms of power flow of three ports. (a) CHB-stage port.
(b) MMC-stage port.

Fig. 31. Waveforms of input current of FBC and FBM of STAB-stage.
(a) Waveforms of the input current of FBC. (b) Waveforms of the input current
of FBM.

Fig. 30 is the three ports power flow waveforms, Fig. 30(a)
shows the VAC1 grid voltage and current and the SM capacitor
voltage of CHB-stage, and Fig. 30(b) shows the VAC2 grid
voltage and current, the Vdc bus voltage and the SM capacitor
voltage of MMC-stage. When the power of VAC2 grid switches
to 50% of the original, under the control strategy in Fig. 21,
the VAC1 grid responds to the power demand and the Vdc port
voltage and SM capacitor voltage in both ac/dc stages is stable.

Under the SSHPSM method, the second-order-frequency rip-
ple currents of CHB-stage SM are decoupled with the SM
capacitors and transfer to the FBCs of the primary sides of
STAB-stage as shown in Fig. 31(a), the fundamental frequency
and second-order-frequency ripple currents of MMC-stage SM
are decoupled with the SM capacitors and transfer to the FBMs
of the secondary sides of STAB-stage as shown in Fig. 31(b), the
above process corresponds to the simulation results in Fig. 25.

The low-frequency ripple power of CHB-stage is cancelled
in the primary sides of TC based on the three-phase symmetry
as shown in Fig. 32(a), and the low-frequency ripple power of

Fig. 32. Waveforms of HFT currents of STAB-stage. (a) Primary side.
(b) Secondary side.

Fig. 33. Waveforms of phase-a current and SM capacitor voltage of (a) CHB-
stage and (b) MMC-stage.

MMC-stage are also cancelled in the primary sides of TM based
on the three-phase symmetry as shown in Fig. 32(b), therefore,
only active power is transferred between the primary and sec-
ondary sides of the STAB. The above process corresponds to the
simulation results in Fig. 27.

Fig. 33 shows SM capacitor voltages of CHB-stage and
MMC-stage under the small capacitance constraint. Fig. 33(a)
shows the phase-a current iVAC1a and the three-phase SM capac-
itor voltages of CHB-stage, when the Vdc bus load is switched
from full load to 50% load, iVAC1a decreases in response to
system power demand, the SM capacitor voltage ripple of
CHB-stage is only 5%. Fig. 32(b) shows the phase-a current
iVAC2a and the three-phase SM capacitor voltages of MMC-
stage, iVAC2a remains unchanged under constant reference and
the SM capacitor voltage ripple of MMC-stage is only 5%. It
verifies that the effectiveness of the capacitance minimization
strategy based on SSHPSM method and the new capacitance
constraint.
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VII. CONCLUSION

A STAB with SSHPSM method-based galvanic isolation
CMIB-SST is studied for interconnection of ac distribution
grids. The low-frequency ripple currents of the both ac side SMs
are decoupled with SM capacitors and transferred to the primary
sides of HFT for cancellation. The SM capacitor cost and the
total volume are significantly reduced under the utilization of
both electrolytic capacitor or film capacitor but the current stress
of STAB is increased.

According to the impact analysis of the STAB leakage in-
ductance on the decoupling of the ripple current, the reasonable
leakage inductance parameters and their inconsistency will not
affect the normal operation and the detailed transformer design
process of the proposed CMIB-SST scheme is demonstrated. By
the help of SSHPSM modulation, the system control is simple
as the circulating current injection strategy is not essential for
the MMC-stage, and neither the third harmonic voltage injection
strategy of the two ac/dc-stages.
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