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A New Compact Soft Open Point Based on Cascaded
H-Bridge and Mixed-Frequency Modulation
Haixi Zhao , Wu Chen , Senior Member, IEEE, Jianxi Lan , Yubo Yuan, and Yeyuan Xie

Abstract—As a power electronic device in place of normal
open point, the soft open point (SOP) can improve the oper-
ating flexibility of a distribution network. Most of the existing
SOP projects adopt the back-to-back modular multilevel converter
(BTB-MMC) topology. However, the BTB-MMC requires a large
number of submodules, which is costly and bulky. In this article,
a mixed-frequency modulation based SOP (MFSOP) topology is
proposed. The proposed MFSOP consists of a shunt cascaded
H-bridge (CHBs), multiple series CHBs, and multiple LC resonance
branches. Each terminal is equipped with a Y-� transformer to iso-
late the medium-frequency zero sequence voltage introduced by the
mixed-frequency modulation from the power grid. Compared with
the traditional BTB-MMC, the proposed MFSOP can reduce the
number of submodules, which makes the SOP more compact in size.
The circulating current models are derived, and two circulating
current suppression strategies are proposed based on circulating
current models. Then, the control strategies are described and the
key parameters are designed. Finally, the correctness and validity of
the proposed MFSOP are verified by simulation and experimental
results.

Index Terms—Circulating current model, distribution network,
mixed-frequency modulation, soft open point.

I. INTRODUCTION

W ITH the development of distributed energy resources
(DERs) and loads, such as photovoltaic plants, wind

turbines, and electric vehicles, the operation of distribution
network (DN) is getting more and more complex. Higher peak
demand, higher voltage fluctuation, and higher voltage drop
on feeder makes the traditional DN suffer a serious safely and
stability operational problems due to the great uncertainties in
local power generation and consumption [1].

To host the increasing power demand and generation, one ef-
fective way is to upgrade and reconfigure the existing radially op-
erated DN to a meshed DN [2], [3]. However, traditional meshed
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Fig. 1. Basic architecture of the multiport SOP in DNs.

DN needs sophisticated and costly protection arrangement to
function [4]. Another way is to add reactive power compensation
devices, such as switched capacitor banks (CBs) or on-load tap
changer (OLTC) [5], [6], to improve the operational safely and
reliability of DN. However, low response of these traditional
equipment makes it not suitable for the DN of high penetration
DERs.

In order to solve the above problems, soft open point (SOP)
is proposed [7], [8]. The SOP, as an emerging power electronic
device in DN, is usually placed normally open points (NOP)
to provide flexible and accurate power and voltage control [1],
while under faulty conditions, the SOP can quickly isolate faults
and provide effective voltage support [9], [10], [11]. It not only
gives the advantage of both radial DN having simple protection
system and meshed DN with higher reliability [4], but also has
fast response of power electronic converter. As shown in Fig. 1,
the SOP is typically used to connect two or more three-phase
feeder branch ends that are connected to the same substation
to construct a ring-type net, so they have the same frequency,
usually the same nominal voltage and a small phase shift.

Many researchers have proposed different SOP topologies.
In general, the topologies of SOP are classified into three cat-
egories: series-type SOP [12], [13], [14], shunt-type SOP [15],
[16], [17], and series-shunt-type SOP [18], [19], [20], [21].

The series-type SOP, such as static synchronous series com-
pensators (SSSC) [12], is connected in series on two feeders to
control the voltage across the transmission line and is subjected
to the voltage difference between the two ac feeders. However,
it requires the orthogonality of their terminal voltage and cur-
rent to maintain the voltage balance of submodule capacitors,
which restricts the power flow regulation capability of the SSSC.
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Fig. 2. State of arts series-shunt type SOPs. (a) [18]. (b) [19]. (c) [20].

Another series-type SOP, the direct MMC (DMMC) is proposed
in [13]. The DMMC topology is more compact in size than back-
to-back modular multilevel converter (BTB-MMC) because it
only requires the half number of capacitors and inductors. How-
ever, the coupling of currents between the two feeders entails
a coupled reactive power, which means the converter inject or
consume exactly the same amount of reactive power in both
feeders [14]. This feature limits the reactive power compensation
capacity of DMMC.

The shunt-type SOP topologies can be divided into two con-
verters: both the two converters are subjected to the voltage of
power grids, respectively. The shunt-type SOPs are the most
popular SOP topologies in industry, such as BTB two-level
voltage source converter for low voltage and BTB-MMC [15] for
medium or high voltage power grids. In addition to BTB-MMC,
power electronic transformer (PET) can also be used as shunt-
type SOP in medium voltage DN, such as two terminal SOP
topology with two cascaded H-bridges (CHBs) and one cascaded
dual active bridge converter [16], multiterminal SOP topology
with multiple CHBs and one multiactive bridge converter [17].
These topologies have more power flow regulation capability.
Furthermore, the lightweight topology based on multiplexing
arm MMC [22], [23], [24] can significantly reduce the number
of submodules and improve their power density. Evidently, it
cannot be overlooked that a large number of capacitors and
semiconductors are still employed compared to the series-type
SOP.

In recent years, a lot of series-shunt-type SOP topologies
are proposed. The series converter is subjected to the voltage
difference between the two ac feeders and the shunt converter is
subjected to the voltage of the power grid. The series-shunt-type
SOP have large operation range comparing to series-type SOP
and more compact in size and high efficiency comparing to
shunt-type SOP. As shown in Fig. 2, in [18], the series-shunt mul-
tiport SOP (S2-SOP) is proposed to reduce the number of active
and passive components by multiplexing the CHB modules. The
interconnection module (half bridge module) is adopted to inter-
connect different feeders. However, the energy balance ability
of the S2-SOP is constrained by shunt current in reactive power
compensation mode, which limits its operating range [19]. To
overcome this drawback, the delta-type series-shunt multiport
SOP (D-S3NOP) is proposed in [19]. By adopting delta-type
CHB configuration, an additional degree of freedom and energy
path are constructed to achieve energy balance. Although the D-
S3NOP expanding the power flow regulation range, both S2-SOP

and D-S3NOP do not have fault isolation capability. By replacing
the single half-bridge in the interconnection module with CHB,
the shared modular SOP (SMSOP) is proposed in [20]. More
complex module interconnection gives it larger operation range
and fault isolation can be achieved. However, it is not suitable
for operation in small phase shift between the two feeders. In
[21], a distributed power flow controller (DPFC) is proposed.
The DPFC, as a new PFC topology adopting mixing frequency
modulation method, has each H-bridge cells connected to the
grid through the transformer. When a fault occurs, the DPFC is
bypassed and cannot isolate the fault current.

Compared with the previous work on the SOP, this article pro-
poses a new mixed-frequency modulation based SOP topology
(MFSOP), which can save the quantity of submodules and re-
duce loss. In addition, the operation principles are illustrated and
the circulating current models are derived. The mixed-frequency
modulation introduces a medium-frequency circulating current
into the device, which increases the current stress. Therefore,
two circulating current suppression methods are proposed. A
parameter design method suitable for mixed-frequency modula-
tion converter is derived and an example is given. In addition, the
comparison of the MFSOP and other SOP topologies is listed.

The rest of this article is organized as follows. Section II
describes the topology structure and operation principle of
MFSOP. The circulating current model is derived in detail in
unity power factor and reactive power compensation mode in
Section III. In Section IV, two circulating current suppression
strategies are proposed to reduce the current stress. In Section V
presents the control strategies of MFSOP, including the series
CHB and the shunt CHB control strategies. Key parameters are
designed and comparison with other topologies are carried in
Section VI. Simulation and experiment results are presented in
Section VII. Finally, Section VIII concludes this article.

II. PROPOSED MFSOP

A. Basic Idea and the Derivation of the Proposed MFSOP

In Fig. 3(a), a CHB is connected in series between two feeders.
If the terminal voltage and current of the series CHB are not
orthogonal, the line-frequency voltage and current will charge or
discharge the submodule capacitors, which results in unbalanced
submodule capacitor dc voltage.

According to the orthogonality of trigonometric functions, the
average power of the voltages and currents of different frequen-
cies over a common period is zero. Therefore, it is possible to
inject a medium-frequency component into the line-frequency
modulation wave, meaning the modulation wave contains both
line-frequency and medium-frequency components. The power,
which line-frequency voltage multiplied by line-frequency cur-
rent (red) and medium-frequency voltage multiplied by medium-
frequency current (blue) is shown in Fig. 3(b). The two power
have the same average value but opposite sign, which means
the total average power of submodule capacitor is zero. And the
energy of submodule capacitor is balanced, as shown in Fig. 3(c)
[25].

Therefore, from a power perspective, the two frequency com-
ponents are decoupled from each other and can be used to control
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Fig. 3. Waveforms of mixed-frequency modulation. (a) Series CHB topology.
(b) Power of line-frequency components (red) and medium-frequency compo-
nents (blue). (c) Energy of capacitor.

two independent targets separately. Based on this principle, the
MFSOP topology is proposed in this article.

B. Topology of MFSOP

Fig. 4 shows the topology of the proposed MFSOP. The
topology consists of three parts: one shunt CHB, i.e., CHB1,
(n − 1) series CHB and (n − 1) resonance branches. The
shunt CHB connected in parallel on feeder#1, while the series
CHBi (i = 2 ∼ n) are connected in series between feeder#1 and
feeder#i. The resonant branch, which adopts series resonant LC
in here, connected in parallel on the corresponding feeder#i to
provide a path for the medium-frequency circulating current.
In order to prevent the medium-frequency current flowing into
the power grid and causing harmonic pollution, the three-phase
waveforms of the medium-frequency component are the same,
i.e., the zero-sequence component is used, and Y-� transformers
are equipped at each ac port to isolate the medium-frequency
zero-sequence component from the power grid. It is worth
noting that power transformers have been widely equipped in
the traditional BTB-MMC to isolate grid fault in most scenarios.

In light of the circuit superposition theorem, Fig. 5 shows cur-
rent paths of line-frequency and medium-frequency. In Fig. 5(a),
the line-frequency current flows through series CHB and shunt
CHB but is blocked by the resonant branch. In Fig. 5(b), the
medium-frequency current flows through series CHB, shunt
CHB and resonant branch, but it is blocked by the power
transformer.

When the line-frequency current flows through the series
CHB, if the terminal voltage of the series CHB is not orthog-
onal to the current, the line-frequency current will charge or
discharge its submodule dc capacitors, and the dc voltage can-
not be maintained balance. By injecting the medium-frequency
current, a circulating current path is formed by the “shunt

CHB - series CHB - resonant LC”, as shown in Fig. 5(b). The
medium-frequency circulating current discharges or charges the
submodule capacitor to maintain the equilibrium of the series
CHB module voltage. The specific process is as follows.

As shown in Fig. 6, when the line-frequency current charges
the submodule capacitors of the series CHB, the voltage of dc
capacitor rises. Therefore, the medium-frequency circulating
current needs to discharge the submodule capacitor of series
CHB, transferring capacitor energy from series CHB to the shunt
CHB module capacitor, and then the line-frequency current
of shunt CHB releases the energy back to the grid. Similarly,
when the line-frequency current discharges module capacitor of
the series CHB, the voltage of dc capacitor drops. Therefore,
the medium-frequency circulating current needs to charge the
submodule capacitor of series CHB, and the charging energy
comes from module capacitor of the shunt CHB. In order to
ensure the voltage equilibrium of the shunt CHB module capac-
itor, the shunt CHB will absorb energy from the grid through
the line-frequency current. In steady-state, the charging and
discharging power of the line-frequency current to the series
CHB module capacitor is exactly equal to the discharging and
charging power of the medium-frequency circulating current,
which together maintain the module capacitor voltage balance.

Since there are both line-frequency and medium-frequency
currents existence in the MFSOP, the medium-frequency circu-
lating current of the MFSOP needs to be analyzed in following
section.

III. CIRCULATING CURRENT MODEL

The mixed-frequency modulation method injects two fre-
quency currents into the circuit. In this section, the MFSOP
circulating current is modeled in unity power factor mode and
reactive power compensation mode, respectively.

A. Circulating Current Model in Unity Power Factor Mode

According to the operation principle of the MFSOP in Sec-
tion II, the vector diagram of line-frequency voltage and current
is analyzed to illustrate the circulating current of the proposed
MFSOP topology, as shown in Fig. 7. For simplicity, it is
assumed that the MFSOP operates in unity power factor mode.

Assuming that the current flows into the grid from the device
is positive reference direction, as shown in Fig. 4. The amplitude
Ugi of grid voltage ugi (i = 1, 2,. . ., n) on each ac feeder is the
same, i.e., Ugi=Ug. The series CHBi is subjected to the voltages
difference uCHBi between the two feeders, which the amplitude
of uCHBi is approximated by

UCHBi = 2Ug sin
θi + γi − γ1

2
(1)

where θi is the phase shift between the voltages of the two
feeders interconnected by CHBi. γi is the phase shift caused
by the filter inductance Li at the port of the ith ac feeder, γi =
arctan(ωLiPi/3Ug

2). Pi is the ith ac feeder active power, and ω
is line angular frequency.

It is worth noting that uCHBi is perpendicular to the an-
gle bisector of �ui-u1. Therefore, the phase of uCHBi is
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Fig. 4. Topology of MFSOP.

Fig. 5. Current paths. (a) Line-frequency current. (b) Medium-frequency
current.

Fig. 6. Power flow path.

Fig. 7. Phase diagram of MFSOP in unity power factor mode.

calculated as

∠uCHBi = 90◦ +
θi + γ1 + γi

2
. (2)

The line-frequency current iCHBi flowing through the series
CHBi is

ICHBi =

√(
3ωCriU2

g

)2
+ P 2

i

3Ug
. (3)

And the phase of iCHBi is

∠iCHBi = θi + atan

(
3ωCriU

2
g

Pi

)

=

{
θi + βi, Pi > 0
θi + βi + 180◦, Pi < 0

(4)

where Cri is the resonant capacitor connected in parallel to the
ith feeder. The symbolic, atan(.), is four-quadrant inverse tangent
function, i.e., βi = arctan(3ωCriUg

2/Pi). The positive reference
direction of active power Pi is defined as the flow of power from
the device to the power grid.

According to (2) and (4), the phase difference αi of the
terminal voltage and current of series CHBi are as follows:

αi = ∠uCHBi − ∠iCHBi = ±90◦ +
−θi + γi + γ1

2
− βi. (5)

Therefore, according to (1), (3), and (5), the active power
absorbed by series CHBi is

PCHBi = 3UCHBiICHBi cosαi

= ±2

√(
3ωCriU2

g

)2
+ P 2

i sin
θi + γi − γ1

2

× sin

(
θi − γi − γ1

2
+ βi

)
(6)

which is “+” if Pi > 0 and “–” if Pi < 0.
In order to maintain the module capacitor voltage of series

CHBi balance, it is necessary to ensure that the power PMFi
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Fig. 8. Simulation and theoretical results of the medium-frequency circulating
current under different power and phase shift condition.

TABLE I
SIMULATION PARAMETERS

of the medium-frequency voltage uMFi and current iMFi for
charging the module capacitor is equal to the line-frequency
power PCHBi discharging the module capacitor. The medium-
frequency voltage and current are in phase to maximize the
charging or discharging capabilities of the submodule dc ca-
pacitor. Namely

PCHBi = PMFi = 3UMFiIMFi. (7)

Thus, the medium-frequency circulating current can be ob-
tained as

IMFi = ±
2
√(

3ωCriU2
g

)2
+ P 2

i

3UMFi
sin

θi + γi − γ1
2

× sin

(
θi − γi − γ1

2
+ βi

)
. (8)

Fig. 8 shows the simulation results and theoretical results
of the medium-frequency circulating current under different
active power and phase shift condition. The circuit parameters
are shown in Table I. In Fig. 8, the horizontal axis represents
the phase shift between the two feeders and the vertical axis
represents the ratio of medium-frequency circulating current
to line-frequency current. It can be seen that the larger phase
shift leads to the larger circulating current. The theoretical
results coincide with the simulated results, which verifies the
correctness of the theoretical analysis in this section.

It is worth noting that the magnitude of the circulating current
is not symmetrical about the 0°-axis, which is due to the fact that
a certain amount of line-frequency current flows through the LC

Fig. 9. Phase diagram of MFSOP in reactive power compensation mode.

branch, resulting in a phase shift of iCHBi, which is reflected in
term βi of (8).

B. Circulating Current Model in Reactive Power
Compensation Mode

Since each ac feeder is connected by a CHB, the MFSOP can
independently control the reactive power at each port. However,
when MFSOP injects reactive power to the feeder, the phase of
igi is shifted. The phase difference αi between uCHBi and iCHBi

is changed, which will change the circulating current. Therefore,
the reactive power operating range of the MFSOP needs to be
considered in here.

The steady-state phase diagram of the line-frequency voltage
and current in reactive power compensation mode is shown in
Fig. 9. The amplitude and phase of uCHBi are the same as (1)
and (2). However, due to the presence of reactive power, the
amplitude and phase of iCHBi change, and according to the
cosine theorem in Fig. 9, the amplitude and phase of iCHBi are,
respectively, as follows:

ICHBi =

√
(ωCrUg)

2 + I2gi ±
2

3
ωCrSi sin

(
a tan

Qi

Pi

)
(9)

∠iCHBi = θi + a tan

(
3ωCriU

2
g +Qi

Pi

)

=

{
θi + β, Pi > 0
θi + β′

i + 180◦, Pi < 0
. (10)

Then, the circulating current of MFSOP can be written as

IMFi=
2

3UMF

√(
3ωCrU2

g

)2
+ S2

i ± 6ωCrU2
gSi sin

(
atan

Qi

Pi

)

× sin
θi + γi − γ1

2
sin

(
θi − γi − γ1

2
+ β′

i

)
(11)

whereβ′
i = arctan

3ωCriU
2
g+Qi

Pi
, Si is the apparent power.

Fig. 10 shows the simulation and theoretical results of the
medium circulating current in reactive power compensation
mode, and the circuit parameters are shown in Table I. The
theoretical results almost coincide with the simulation results,
which verifies the correctness of the theoretical analysis in this
section.
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Fig. 10. Simulation and theoretical results of the medium-frequency circulat-
ing current in reactive power compensation mode.

TABLE II
RELATIONSHIP BETWEEN CIRCULATING CURRENT AND REACTIVE POWER

It can be seen from Fig. 10 that the reactive power can increase
or decrease the amplitude of circulating current. Therefore, in
the early stage of the SOP project, the phase shift and the require-
ment of reactive power compensation should be investigated in
advance to ensure that the reactive power is able to reduce the
amplitude of circulating current.

IV. CIRCULATING CURRENT SUPPRESSION METHODS

The mixed-frequency modulation introduces circulating cur-
rent into the MFSOP, resulting in a large current stress. In
this section, two circulating current suppression methods are
proposed to reduce current stress.

A. Changing the Power Factor

According to (11), when the power flows from MFSOP to
feeder#i, a small amount of inductive reactive power absorbed
by MFSOP can significantly reduce the circulating current,
while a small amount of capacitive reactive power absorbed by
MFSOP can significantly increase the circulating current; When
the power flows from feeder#i to MFSOP, a small amount of
capacitive reactive power absorbed by MFSOP can significantly
reduce the circulating current, while a small amount of inductive
reactive power absorbed by MFSOP can significantly increase
the circulating current. Those relationships are listed in Table II.

Fig. 11 shows the phase diagram of MFSOP at different
power factors. The MFSOP absorbs inductive reactive power
in Fig. 11(a), which decreases the phase difference αi between
uCHBi and iCHBi. As a result, the circulating current is larger
than that of unity power factor mode in Fig. 11(b).

Fig. 11. Phase diagram of MFSOP at different power factor.

Fig. 12. Simulation and theoretical results of the medium-frequency circulat-
ing current at different power factor.

When the MFSOP absorbs capacitive reactive power, as
shown in Fig. 11(c) and (d), the phase difference between uCHBi

and iCHBi increases, and thus, the circulating current decreases.
When the capacitive reactive power is absorbed so that iCHBi

is exactly perpendicular to uCHBi, as shown in Fig. 11(d), the
submodule capacitor of series CHB will not charge or discharge,
and the circulating current is zero at this time.

Fig. 12 shows the simulation and theoretical results of the
medium circulating current at different power factor. The phase
shift between the two feeders is set as 20°, and the circuit
parameters are shown in Table I. When the MFSOP operates
at unit power factor, the circulating current is almost 42% of
the gird current, resulting in a high current stress. By slightly
reducing the power factor from 1 to 0.987, the circulating current
is effectively reduced to 20% of the grid current. Therefore,
reducing the power factor can effectively suppress the circulating
current.

B. Using Medium-Frequency Zero-Sequence Square Waves

According to (8), the circulating current can be sup-
pressed effectively by means of increasing the medium-
frequency voltage UMF. However, a higher medium-frequency
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Fig. 13. Modulation waves of line-frequency component superposites
medium-frequency zero sequency square wave component.

voltage UMF leads to more submodules, which increases the
cost.

Since the resonant LC branch is similar to a band-pass filter,
the medium-frequency voltage can be the square wave instead of
the sinusoidal wave, as shown in Fig. 13. This approach is based
on the fact that a sinusoidal wave can be obtained by band-pass
filtering a square wave, and the amplitude is 4/π times than that of
the square wave, which means the circulating current is reduced
by 21.5%.

V. CONTROL STRATEGY OF MFSOP

The proposed MFSOP control strategy is shown in Fig. 14.
The control strategies include shunt CHB control strategy and
series CHB control strategy, where the series CHB control
strategies include line-frequency control strategy and medium-
frequency control strategy.

A. Control Strategy of Shunt CHB

Fig. 14(a) shows the phase locked loop, coordinate transfor-
mation and power calculation for the shunt CHB and each series
CHB.

Fig. 14(b) shows the shunt CHB control strategy. The control
strategy is similar to that of the conventional STATCOM [26].
The grid current of feeder#1 is regulated by current inner loop
controller. The submodule capacitor voltage is regulated by dc
voltage outer loop controller to generate d-axis current reference
igd1∗, and a power controller generates q-axis current reference
igq1∗ to regulate reactive power of feeder#1. ubala1, ubalb1, and
ubalc1 are added to modulation waves to realize the clustered and
individual voltage balancing, and the specific voltage balancing
control has been well investigated [27], and will not be repeated
in this article. The medium-frequency zero-sequence voltage
uMFabc1 are superimposed at the modulation waves. It is worth
noting that uMFabc1 = UMFcos(θMF), which is synthesized
directly by the constant UMF and the integral of constant ωMF.

B. Control Strategy of Series CHB

The control strategies of the series CHB are divided into two
parts: 1) the line-frequency control strategy and 2) the medium-
frequency control strategy.

The line-frequency control strategy of series CHB is shown
in Fig. 14(c). The grid current of feeder#i is regulated by cur-
rent inner loop controller and the active and reactive power of
feeder#i is regulated by power outer loop controller to generate
the current reference idi∗ and iqi∗. The ubalai, ubalbi, and ubalci,
which is generated by the clustered voltage balancing controller,

is responsible for balancing the clustered dc voltage of phase A,
B, and C.

The medium-frequency circulating currents of phase A, B,
and C are controlled independently. In Fig. 14(d), the medium-
frequency control strategy of phase A is presented. The control
strategy is similar to traditional single phase two-level full-
bridge inverter. Each submodule of the phase A has its own
controller. The outer loop controller regulates submodule dc
voltage: the average dc voltage of phase A as reference to
generate the amplitude reference IMF

∗ of circulating current
iMF

∗ though PI controller. The phase θMF of iMF
∗ is the same

with the phase of uMF1 in Fig. 14(b). The medium-frequency
circulating current is regulated by PR controller of inner control
loop, and a medium-frequency voltage feedforward is added to
the output of PR controller.

VI. DESIGN AND COMPARISONS

Due to the mixed-frequency modulation, the design method
of submodule capacitor is different from that of traditional SOP.
Thus, some key parameters, including LC branch, submodule
capacitor and number of submodule, are designed in this section.
An example is given, and the comparison of the MFSOP and
other SOP topologies is listed.

A. Key Parameters Design

1) Resonance Parameters Design: According to (8), the re-
lationship between resonant capacitor and circulating current
can be obtained, as shown in Fig. 15. It can be seen that a
larger resonant capacitor will increase the circulating current,
which leads to a larger current stress. Thus, the current stress
determines the maximum Crmax of the resonant capacitor.

Define the ratio λ of the resonant current to the grid
current as

λ =
IMF

Ig
. (12)

Then, according to (8), the maximum of resonant capacitor is

Cri ≤ Pi

3ωU2
g

tan

[
arcsin

λUMF

2Ug sin
θi+γi−γ1

2

− θi − γi − γ1
2

]
.

(13)
The inductor is inversely proportional to resonant frequency

fr, which means a higher resonant frequency results in a small
size inductor. However, the control bandwidth limits the resonant
frequency. It should be noted that the selection of this resonant
frequency should depend on the specific operating conditions.
This article suggests that the resonant frequency is selected be-
tween the 3rd and 11th line-frequencies. It is When the resonant
frequency is determined, the resonance inductor is calculated as

Lr ≥ 1

4πCrf2
r

. (14)

2) Number of Submodules Design: The CHB modules pro-
vide not only line-frequency voltage but also medium-frequency
voltage. The number of submodules of shunt CHB can be
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Fig. 14. Control strategy of MFSOP.

Fig. 15. Relationship between resonant capacitor and circulating current.

obtained as

N1 ≥
√
2

(
Ug

mUdc
+

UMF

Udc

)
(15)

where the Udc is submodule dc voltage and m is modulation
index. For the second item of (15), the mixing frequency voltage
uMF is constant. It will not overvoltage or overshoot. Therefore,
we delete the modulation index m in the denominator of second
item.

When design the number of series CHB module, it is im-
portant to ensure that the series CHB can provide sufficient
line-frequency and medium-frequency voltages, while at the
same time ensuring that the MFSOP have the ability to withstand
the fault voltage in case of a grid fault. In case of grid fault, we
consider that the voltage of one of the feeder drops to zero and
the series CHB is subject to the grid voltage. Therefore, the

number of series CHB module is derived as

Ni =
√
2max

{
2Ug sin

θmax i

2

mUdc
+

UMF

Udc
,

Ug

mUdc

}
(16)

where the θmaxi is the maximum phase shift of the two feeders.
3) Submodule Capacitor Design: The minimum value of the

module capacitor is designed according to the maximum fluctu-
ation voltage of the submodule capacitor. The energy stored in
all the module capacitors of the series CHB can be expressed as

Esi =
1

2
NiCdcsU

2
dc. (17)

The terminal current of series CHB charges and discharges
the submodule capacitor, resulting in a periodic fluctuation of
the submodule capacitor voltage. The maximum and minimum
values of the voltage fluctuation can be obtained as{

Udc,max = Udc (1 + ε)
Udc,min = Udc (1− ε)

(18)

where ε is the fluctuation rate of submodule capacitor voltage,
which is defined as

ε =
Udc,max − Udc,min

2Udcave
. (19)

Substituting (18) and (19) into (17) yields

ΔEsi =
1

2
NiCdcsU

2
dc,max −

1

2
NiCdcsU

2
dc,min

= 2εNiCdcsU
2
dc. (20)
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The charging energy �E of the dc submodule capacitor can
be calculated as

ΔE =

∫
uCHBi × iCHBidt. (21)

It is worth noted that both uCHBi and iCHBi consist of
line-frequency components (uCHB1 and iCHB1) and medium-
frequency components (uCHBr and iCHBr). i.e.,

ΔE =

∫
(uCHB1 + uCHBr)× (iCHB1 + iCHBr) dt

=

∫
uCHB1× iCHB1dt+

∫
uCHB1 × iCHBrdt+

∫
uCHBr

× iCHB1dt+

∫
uCHBr × iCHBrdt

= ΔE1−1 +ΔE1−r +ΔEr−1 +ΔEr−r. (22)

According to (1)–(4), the charging energy �Es1-1 of the line-
frequency voltage and current on the submodule capacitor can
be calculated as

ΔEs1−1 =

∫
uCHBi × iCHBidt. (23)

Therefore, the maximum fluctuation energy �Es1-1,max is
calculated as

ΔEs1−1,max =
UgIg
ω

sin
θi + γi − γ1

2
. (24)

Similarly, the maximum fluctuation energy of line-frequency
voltage and medium-frequency current �Es1-r,max, medium-
frequency voltage and line-frequency current �Esr-1,max,
medium-frequency voltage and medium-frequency current
�Esr-r,max are

ΔEs1−r,max =
4UgIMFωr

ω2
r − ω2

sin
θi + γi − γ1

2

ΔEsr−1,max =
2UMFIgωr

ω2
r − ω2

ΔEsr−r,max =
IMFUMF

2ωr
. (25)

Therefore, according to (20), (24), and (25), the capacitor of
series CHB is calculated as

Cdcs≥ΔEs1−1,max+ΔEs1−r,max+ΔEsr−1,max+ΔEsr−r,max

2εNiU2
dc

.

(26)
Similarly, for the shunt CHB, the module capacitor is designed

as

Cdcp≥ΔEp1−1,max+ΔEp1−r,max+ΔEpr−1,max+ΔEpr−r,max

2εN1U2
dc

(27)
where

ΔEp1−1,max =
2UgIg
ω

sin
θ + β

2

ΔEp1−r,max =
4Ugωr

∑
Icir

ω2
r − ω2

TABLE III
MFSOP TOPOLOGY PARAMETERS

ΔEpr−1,max =
4UMF Igωr

ω2
r − ω2

sin
θ + β

2

ΔEpr−r,max =
UMF

∑
Icir

ωr
. (28)

B. Design Example

With the above analysis and design procedure, a design ex-
ample is presented to make an intuitive understanding of the
proposed design method.

Taking a three-terminal 10 kV/3 MW MFSOP as an example,
it is considered that the maximum phase shift between the two
feeders is 10°. The filter inductor is 4 mH. The submodule dc
voltage is 750 V. The medium-frequency voltage amplitude is
selected as 20%Ug, i.e., UMF = 1200 V. The square wave is
chosen as medium-frequency modulation wave for a smaller
circulating current.

The resonance frequency is selected as 500 Hz, and the ratio
in (12) is designed as λ = 20%. According to (13) and (14),
it is obtained that resonance capacitor Cr � 12.1 μF and the
resonance inductor Lr � 8.3 mH. Therefore, Cr = 10 μF and Lr

= 10 mH are selected.
Taking modulation index m = 0.85, according to (15) and

(16), the number of submodules is calculated as NCHB1 = 16
and NCHB2 = 13.

According to (26) and (27), taking fluctuation rate of sub-
module capacitor voltage ε = 5%, the series CHB submodule
capacitor Cdcs � 1.4 mF and the shunt CHB submodule capac-
itor Cdcp � 1.6 mF. Thus, Cdcs and Cdcp are selected as 1.4 mF
and 1.6 mF. The parameters are listed in Table III.

The MFSOP is simulated according to the above parameters,
and the simulation results show that the circulating current
IMF/Ig = 17%. The submodule voltage fluctuation rate εs =
4.9% for series CHB, and the submodule voltage fluctuation rate
εp = 4.7% for shunt CHB, which meets the design requirements.

C. Comparison of MFSOP and Traditional SOP

Taking a three-terminal 10 kV/3 MV MFSOP as an example.
The phase difference of each feeder is within 10°. Table IV
compares the MFSOP to other SOP topologies in terms of
the number of IGBTs, the number of inductors, the number
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TABLE IV
COMPARISON OF MFSOP TO OTHER SOP TOPOLOGIES

TABLE V
OPERATING CONDITION OF MFSOP

of capacitors, the number of high-frequency transformers, and
other features.

As can be seen from Table IV, the MFSOP saves 46% of
the number of IGBTs, and does not require high-frequency
transformers compared to the conventional SOP. The MFSOP
have large operation range comparing to S2-SOP and more
compact in size comparing to BTB-MMC and PET.

VII. SIMULATION AND EXPERIMENTAL VERIFICATION

In order to verify the correctness of the proposed MFSOP
topology and its control strategy, a simulation model and scaled-
down experiment platforms are built in this section.

A. Simulation Validation

A 10 kV/3 MW three-terminal MFSOP topology is built in
MATLAB/SIMULINK. The system parameters are shown in
Table III.

To verify the power flow regulation capability of the MFSOP,
three cases are studied, as shown in Table V.

Case 1 (0.2–0.4 s): Unity power factor operation

Figs. 16 –18 show the grid current, submodule dc voltage,
and active/reactive power of MFSOP. During 0.2–0.4 s, the
active power of three feeders is 1 MW, −3 MW, and 2 MW,
respectively, and the reactive power of three feeders is zero,
which means the MFSOP operates in unity power factor mode.
The submodule dc voltage is 750 V, and the peak-to-peak value
less than 10%. The FFT analysis shows that the total harmonic

Fig. 16. Grid current of the three feeders.

Fig. 17. Submodule DC voltage of the shunt CHB (top) and the two series
CHB (middle and bottom).

Fig. 18. Active and reactive power of the three feeders.

distortion of ig1, ig2 and ig3 are 1.9%, 1.1%, and 1.6%, re-
spectively. The mixed-frequency current of the LC branches,
which includes line-frequency current and medium-frequency
circulating current, as shown in Fig. 19.

Case 2 (0.4–0.6 s): Active power changes

At 0.4 s, the active power of the three feeders change from
1 MW, −3 MW, and 2 MW to 3 MW, −1.5 MW, and −1.5 MW,
respectively, which means that the power of feeders#1 is in-
creased, the power of feeder#2 is halved and the power of
feeder#3 is reversed, as shown in Fig. 18. As shown in Fig. 16,
the current response of feeder#2 and feeder#3 is faster than
that of feeder#1, that is because the feeder#1 is selected as a
slack feeder. The dc voltage, as shown in Fig. 17, drops slightly
but recover to set point immediately. The circulating current
decrease in Fig. 19 due to the power decrease.
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Fig. 19. Mixed-frequency current of LC branches.

Fig. 20. Experimental prototype.

Fig. 21. Schematic of the actual experimental system.

Case 3 (0.6–0.8 s): Reactive power compensation

At 0.6 s, the active power is remained while the reactive power
increases from zero to −1 MVar, 0.5 MVar, and 0.75 MVar,
respectively, as shown in Fig. 19. In Fig. 16, the grid currents
increase slightly because of reactive power. The submodule
dc voltages udc2 and udc3 of CHB rise slightly because the
circulating current changes.

B. Experimental Validation

An experimental platform is constructed and tested to verify
the effectiveness of the proposed MFSOP topology and control
strategies. The experimental prototype is shown in Fig. 20 and
the schematic of the actual experimental system is shown in
Fig. 21. The power grid at feeder#1 is emulated by ITECH
IT7600, which is a controllable ac power supply, and the rated
grid voltage/frequency is 110 V/50 Hz. Three resistors are
connected in Y-connection to the output stage and each one has
a resistance of 18 Ω, which means the power of experimental

Fig. 22. Voltage and current of feeder#1 and feeder#2.

Fig. 23. Submodule voltage. (a) Submodule voltage of shunt CHB. (b) Sub-
module voltage of series CHB.

TABLE VI
EXPERIMENT PARAMETERS OF MFSOP

prototype is 2 kW. Both the series CHB and shunt CHB consist
of 2 H-bridge per phase and a Y-� transformer is equipped
at the terminal. The medium-frequency voltage is set to 22 V,
corresponding to the 20% of Ug. The phase difference between
input and output voltage is set to 10°. The system parameters
are shown in Table VI.
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Fig. 24. Mixed-frequency current of MFSOP.

Fig. 25. Gird current during a power jump. (a) Load is decreased from 33 Ω
to 50 Ω. (b) Load is increased from 50 Ω to 33 Ω.

Fig. 22 shows the phase-A voltage and current of feeder#1 and
feeder#2. Both the voltage and current of feeder#1 and feeder#2
are in phase, which indicates that the MFSOP operates at unity
power factor.

Fig. 23 shows the first submodule dc voltage of shunt CHB
and series CHB. As is shown, all dc voltage is controlled to be
set value 120 V and well balanced.

Fig. 24 shows the waveform of mixed-frequency current. The
mixed-frequency current consists of line-frequency current and
medium-frequency current. Thus, the line-frequency envelope
can be seen in the waveform.

Fig. 25 shows the dynamic current waveforms of feeder#1
and feeder#2. In Fig. 25(a), the currents decrease as the load is
decreased from 33 Ω to 50 Ω. The current of feeder#2 decreases
immediately while the current of feeder#2 decreases slowly,
which is because the feeder#2 is selected as the slack feeder.

Fig. 26. DC voltage of submodule during a power jump. (a) Load is decreased
from 33 Ω to 50 Ω. (b) Load is increased from 50 Ω to 33 Ω.

Fig. 27. Circulating current during a power jump.

In Fig. 25(b), the currents increase as the load is increased from
50 Ω to 33 Ω. The current is stable under step change of load,
which verifies the correctness of the MFSOP.

Fig. 26 shows the submodule dc voltage of series CHB and
shunt CHB during the power jump (Only the voltage of phase-A
is shown here). It can be seen that the dc voltage of series CHB
fluctuates slightly but recovers immediately, while the voltage
of the shunt CHB remains almost constant.

Fig. 27 shows the resonant current during the power jump.
It can be seen that the current rises immediately when the load
increased and stabilizes after a period of overshoot. Then, the
current drops immediately when the load decreased.

Fig. 28 shows the active power and reactive power during a
power jump. The active power jumps from 1.1 kW to 0.73 kW
when the load is changed from 33 Ω to 50 Ω. The reactive power
jumps from 0 Var to −600 Var and then to 300 Var. It is worth
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Fig. 28. Active power and reactive power during a power jump. (a) Load is
increased from 50 Ω to 33 Ω and then decreased back to 50 Ω. (b) Reactive
power jumps from 0 Var to −600 Var and then to 300 Var.

Fig. 29. Circulating current during a reactive power changed.

noting that the active power and reactive power are calculated
by the DSP and output from the DAC.

In Fig. 29, the circulating current is shown when the reactive
power changed from 0 Var to 200 Var. It can be seen that the
circulating current decreases, which verifies the correctness of
the proposed suppression method of circulating current.

Fig. 30(a) shows the experimental and theoretical results of
circulating current when the phase shift changed. The phase
shift is set as 10°, 15°, and 20°. Fig. 30(b) shows the circulating
current when the reactive power is −100 Var, −150 Var, and
−200 Var. It is worth noting that inductor of transformer should
be considered in here. The inductor of transformer is 5.3 mH. The
active power is 2 kW. And the circulating current iLC consists
of medium frequency current iMF and line-frequency current
i1. It can be seen that the experimental results almost coincide
with the theoretical results, which verifies the correctness of the
circulating current models and suppression method.

Fig. 30. Experimental and theoretical results of the circulating current.
(a) Different phase shift. (b) Different reactive power.

VIII. CONCLUSION

A new mixed-frequency modulation based soft open point is
proposed in this article. Compared with the traditional BTB-
MMC, the proposed MFSOP reduces the number of submod-
ules, which makes the SOP more compact in size. The control
strategies are described and the circulating current model are
analyzed. The mixed-frequency modulation strategy introduces
a medium-frequency circulating current in the MFSOP, which
increases the current stress. Therefore, two circulating current
suppression strategies are proposed. The first strategy is to
suppress the circulating current by reducing a little bit of power
factor, and the second strategy is to suppress circulating cur-
rent by replacing the sinusoidal medium-frequency modulation
waveform with a square wave. Both strategies can be adopted at
the same time. Some key parameters, including resonance LC,
submodule capacitor and number of submodule, are designed
and the comparison of the MFSOP and other SOP topologies
is listed. From the list, it can be concluded that the MFSOP
can save submodules compared with the BTB-MMC and PET,
which reduces the cost and improve the efficiency.
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