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A New Shared Module Soft Open Point for Power
Distribution Network

Haixi Zhao"”, Wu Chen

Abstract—The soft open point (SOP), as a sort of promising
flexible power electronic device in place of the normal open point,
can improve the operating flexibility of a distribution network.
However, the traditional cascaded-H-bridge (CHB)-based SOP re-
quires a large number of H-bridge modules and high-frequency
transformers, which are costly and bulky. In this article, a shared
module SOP (SMSOP) topology is proposed based on CHB. The
modules of the SMSOP topology are divided into shared modules
and nonshared modules. Both the input and output stages of the
nonshared modules are connected in series with the terminals of
the shared modules to connect two ac grids. Compared with the
traditional CHB-based SOP, this topology can reduce the number
of H-bridge modules and high-frequency transformers. Mathemat-
ical models are derived, and control strategies as well as feasible
areas are discussed. A design method is proposed to minimize
the number of modules. Finally, the correctness and validity of
the proposed SMSOP are verified by simulation and experimental
results.

Index Terms—Distribution network (DN), double-loop control,
shared module, soft open point (SOP).

1. INTRODUCTION

OWADAYS, the power system is undergoing tremendous
N changes with more and more distributed generators (DGs)
and energy storage systems being equipped into the utility. The
growth of DGs and loads, such as photovoltaic plants and electric
vehicles, brings serious problems for the distribution network
(DN) due to the higher peak demand and voltage drop on feeders.
Traditional regulation methods, such as normally open points
(NOPs) and on-load tap changers of transformers, cannot satisty
the requirements of real-time continuous regulation [1], [2].
Therefore, soft open points (SOPs) are proposed to obtain a
flexible DN with power flow control [3], [4].

The SOP is a new power electronic device applied to DNs and
is responsible for flexibly interconnecting between two feeders
to replace the NOP as shown in Fig. 1 [5], [6]. Compared with
the traditional NOP, the SOP not only continuously regulates
active power flow between feeders [7], [8], [9], [10] but also
provides numerous auxiliary functions, such as improved load
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Fig. 1.

balancing [11], [12], multiple port interfaces [13], and fast fault
isolation and supply restoration [14], [15].

The SOP can be classified into the following two categories:
ac—ac topology and ac—dc—ac topology. The ac—ac topology
features fewer power conversion stages and lower power losses.
However, the ac—ac topology cannot compensate for reactive
power due to the lack of dc-link capacitors. In addition, distur-
bances on one side may also affect the other side [16]. In practical
applications, the ac—dc—ac topology is more popular because
dc-link connectivity is available [17] and more functions can be
provided.

Several SOP topologies can be used for DN, such as cascaded-
H-bridge-based SOP (CHB-based SOP) [17], [18], back-to-back
modular multilevel converters (BTB-MMC) [19], direct MMC
[20], and M3C-based SOP [21], [22]. In [18], a CHB-based
SOP is designed to interconnect two 6.6-kV DN, as shown in
Fig. 2(a). It consists of three stages, i.e., an input stage based on
an H-bridge rectifier, an isolation stage with a high-frequency
transformer, and an output stage based on the H-bridge inverter.
This topology can regulate power factor, reduce voltage stress,
and allow bidirectional power flow as well as electrical isolation.
But the cost is higher due to a large number of H-bridge mod-
ules and high-frequency transformers. In [19], a BTB-MMC
topology is proposed as shown in Fig. 2(b), which is suitable
for higher voltage applications. The MMC has six arms, each of
which includes several submodules and filter inductors. The arm
circulating current suppression [23] and submodule dc voltage
balancing [24] of the MMC are the key problems. In addition,
BTB-MMC requires a large number of submodules. Pereda and
Green [20] proposed a direct MMC topology. It uses the same
number of semiconductors as the BTB-MMC, but it requires
half the number of capacitors and coupling inductors. However,
direct MMC has the same drawback as BTB-MMC, that is, it re-
quires a large number of submodules. Erickson and Al-Naseem
[21] proposed an M3C converter with the advantages of low
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Fig. 2. Traditional SOP Topologies. (a) Topology of CHB-based SOP.
(b) Topology of BTB-MMC.

switching losses and small device size. However, the topology
of M3C-SOP is complex and the arm circulating current sup-
pression is difficult. Li et al. [22] compared the M3C-SOP with
the BTB-MMC and concluded that the operating range of the
M3C-SOP is narrower than that of the MMC.

Compared with the previous work on the SOP, this article

makes multiple contributions, which are summarized as follows.

1) A new shared module SOP (SMSOP) for power DN is
proposed, which can save on the quantity of submodules
and high-frequency transformers. Most of the power flows
directly through the shared modules, whereas the rest
flows through the isolation stage of nonshared modules,
which can reduce the switching losses and transformer
losses of the isolation stage and hence improve the overall
efficiency. In addition, the operation principles are illus-
trated, and mathematical models are derived.

2) In order to ensure the stable operation of SMSOP, control
strategies are proposed and feasible operation areas are
given. The SMSOP is suitable for connecting two grids
with the same amplitudes but different phases. If the two
grid voltages are in phase, the SMSOP requires a slight
change in power factor.

3) Adesign method for minimizing the quantity of modules is
illustrated and an example is given. In addition, the power
loss analysis is illustrated to explain why the SMSOP has
low power loss.

The rest of this article is organized as follows. The proposed

SMSOP topology, together with the modeling and operation
principles, are described in detail in Section II. Section III is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 3, MARCH 2023

A

Fi

=

g.3. Instantaneous power of two ac grids.

Power flows to the dc capacitor
—

AC DC 1| DC
DC DC | T

o)

AC

mll

Power transmit directly

—l

AC
DC

oP

Fig. 4. Power flow in the proposed three-phase SMSOP.

dedicated to the control strategy of the proposed SMSOP. In
Section IV, a design method to minimize the number of modules
is proposed, a design example is given, and the comparison of
the proposed SMSOP with other SOP topologies is listed. In
addition, the power loss analysis is illustrated. Simulations and
experiments are presented in Section V to verify the effective-
ness of the proposed SMSOP. Finally, Section VI concludes this
article.

II. PROPOSED SMSOP
A. Basic Idea and the Derivation of the Proposed SMSOP

The basic idea of the proposed SMSOP topology is as follows.
When there is a phase difference between two ac grids, there is
also a phase difference between the input instantaneous power
p1 and the output power po as shown in Fig. 3. The power of
the overlapped part can be transmitted directly without the dc
capacitor. Therefore, the shared module is proposed to transmit
the power of the overlapped part directly, and the rest of the
power flows to the dc capacitor of the nonshared modules. Fig. 4
shows the power flow in the proposed three-phase SMSOP. The
power flow shown by a red line in Fig. 4 corresponds to the
overlapped part in Fig. 3, and the rest of the power flow is shown
by a blue line in Fig. 4.

Fig. 5 illustrates the topology of the proposed three-phase
SMSOP for DN. The topology consists of two types of modules:
shared modules and nonshared modules. Each nonshared mod-
ule is divided into three stages: the rectifier stage, the isolation
stage, and the inverter stage, which is similar to the conven-
tional CHB-based SOP topology connected to two ac terminals
with a Y connection. The SMSOP differs from traditional SOP
topologies in that it contains shared modules. It can be seen that
each shared module consists of full bridges only. To reduce the
number of components, both the input and output stages of the
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Fig. 5.

Topology of the proposed three-phase SMSOP.
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Fig. 6. Simplified equivalent circuit of the proposed SMSOP.

nonshared modules are connected in series with the ac terminals
of the shared modules. As can be seen from Fig. 5, the shared
module, as a common part, can reduce the quantity of H-bridge
modules and high-frequency transformers, thus reducing the
size and cost and improving the efficiency. Each phase of this
topology consists of N; nonshared modules and (N — N; ) shared
modules.

Most of the power flows directly to the output stage through
the wire (the red solid line in Fig. 5), connecting the ac terminals
of shared modules to the output terminals of nonshared modules,
whereas the rest flows through the isolation stage of nonshared
modules.

B. Modeling of the Proposed SMSOP

The rectifier stage of the nonshared module is responsible
for converting the ac bus voltage to the dc-link voltage while
regulating the unity power factor. The simplified equivalent
circuit of the proposed SMSOP is shown in Fig. 6. The voltage
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equations of the input and output stages are given as follows:

di;
Ugi1 = L dtl + win + U3 (D
di;
Ugio = —Lo df + Ui + U3 (2)

where ug;1 and ug;9 (i = A, B, C) are the input-side and output-
side grid voltages, respectively. u;; and u;o are the input-side
and output-side ac terminal voltages of the nonshared modules,
respectively. u;3 is the ac terminal voltage of the shared module.
L, and L, are filter inductors.

The current equation of the SMSOP is given as follows:

3)

where i;; and i;9 are the input-side and output-side ac currents,
respectively. i;3 is the ac current flowing into the shared modules.

The dg transformation is applied to (1)—(3), and the differen-
tial equations in dg coordinates are derived as follows:

131 = U39 + 453

dirg )
L, ;t L = +whiiigq + Ugrdg — Uidg — Usdg 4
I dizdq I
— Ly— = = Fwlsizga + Ugadq — U2dq — Usdg  (O)
i1dg = %2dq + 13dq- (6)

The isolation stage SRC, which is comprised of two full
bridges, a series resonant LC, and a high-frequency isolation
transformer, is a key part of SMSOP. It is worth mentioning that
the isolation stage is necessary. If the isolation stage is removed
and the nonshared module is constructed by the BTB-VSC, the
dc capacitor will be shorted due to the presence of the middle
line (the red solid line in Fig. 5).

The control strategy of SRC is illustrated in Section III. The
voltage gain of SRC is as follows [25]:

Uz
Udcl

wh
wh(Pr+1)+j - Qr(w} — 1)
where wg, is the ratio of the switching frequency to the resonant
frequency. Ugc1 and Ugeo are the primary and secondary dc
voltages, respectively. Pr and Qp represent the ratio between
losses in the series parasitic resistance R and series inductor L
with respect to the base power.

Ur

(N

C. Feasible Area

The vector diagram is analyzed to illustrate the feasible area
of the proposed SMSOP topology. For simplicity, the SMSOP
operates at unity power factor.

The ac currents i1 and i can be determined as follows:

3

P=5 5 ®)

Here, we only consider the case that u4; and u 42 have the same
amplitude but different phases. Therefore, ac currents i1 and i
also have the same amplitude but different phases. As shown
in Fig. 7, iy is in phase with u41, and i> is in phase with ugs.
According to (3), the vector of i3 can be calculated as i1 — is.
The maximum amplitude of #; and u, is restricted by the dc-link

(ugraiar + ugigiqr) = 5 (Ug2diaz + Ug2qiq2) -
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Fig. 7. Feasible area of SMSOP.

capacitor voltages Ugc1 and Ugco, the modulation indexes mq
and ms, and the quantity of nonshared modules N; . Similarly, the
maximum amplitude of u3 is restricted by the dc-link capacitor
voltage Ugc3, the modulation index mg, and the quantity of
shared modules N—N;. The operation range of the nonshared
modules in the input and output stages can be determined by
drawing a circle with A and B as the origin, and m1N1Uqc1
and maNoUqco as the radius (the green and red dashed arcs in
Fig. 7), respectively. Similarly, the operation range of the shared
modules can also be determined by drawing a circle with O as
the origin, and ms(N-N1)Uq.3 as the radius (the blue dashed arc
in Fig. 7). Finally, the shaded (overlapped) area surrounded by
the three circles is the feasible area of steady operation. Since
the shared modules are only connected to the capacitors but not
to the active loads, the shared modules only consume reactive
power. Therefore, the current of shared module i3 is orthogonal
to terminal voltage us, which determines the amplitude and
phase of i3 and us.

It can be seen from Fig. 7, when ugs is operating outside the
shaded area, the ac terminals of the nonshared module cannot
provide a large enough ac voltage, and the SMSOP will not be
able to operate stably in this case. Therefore, the SMSOP can
operate steadily only if u3 is operating in the shaded area.

D. Operating Point Analysis in Different Cases

According to the phase difference between the two grids,
Fig. 8 shows the vector diagram of SMSOP under different
operating conditions. Fig. 8(a) and (b) shows a large phase
difference between the two grids, and Fig. 8(c) indicates a
threshold phase difference. The phase difference in Fig. 8(d)
is smaller than the threshold value, and Fig. 8(e)—(h) shows no
phase difference. For simplicity, the voltages across the filter
inductor are ignored.

In Fig. 8(a), two grid voltages U, and Ugy have the same
amplitude but with a 30° phase difference. In this case, the
larger the amplitude of Us, the smaller the amplitude of U;
and Us. Therefore, a large output voltage Us of shared modules
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Fig. 8. Vector diagram of SMSOP in different cases. (a) Uy1 and Uy have
the same amplitude but with a 30° phase difference. (b) Amplitude of Uyq and
U2 is different. (c) Phase difference of U1 and Uy is equal to the threshold
value. (d) Phase difference of Uy1 and Uz is smaller than the threshold value.
(e) Ug1 and U o are in phase. (f) Changing the power factor of the input stage.
(g) Changing the power factor of the output stage. (h) Change the power factor
of input and output stages.

is necessary to ensure that the steady-state point operates in
the feasible area. However, there may be a 5% deviation in the
amplitude of the two ac grids connected by the SOP in practice.
For the sake of clarity, here U,y = 87.5% U,y as shown in
Fig. 8(b). It can be seen that the terminal voltages U; and U; of
the nonshared modules are reduced due to the presence of the
shared module terminal voltage Us. This conclusion remains the
same as long as the phase of Us is between the angle formed by
Ug1 and Ugp. Since Us is orthogonal to i3, the phase of Us is
mainly affected by i; and i», and the deviation of the grid voltage
amplitude has less influence on the operating state of SMSOP.
The amplitude of i5 is smaller than the amplitude of i; due to
the power loss of SMSOP. When the phase difference between
Ugy1 and U is small, the amplitude difference of i; and iy due
to power losses has a significant effect on the operating state of
SMSOP, as shown in Fig. 8(c)—(e). The efficiency of SMSOP
is assumed to be 95%, i.e., ia = 95% i;. It can be seen from
Fig. 8(c) that when the phase difference between U,y and U g
is 18°, Us is exactly in phase with U . In Fig. 8(d), the phase
difference between Ugyy and Ugs is less than 18° and Us lies
outside the angle formed by U,y and Uyo. Fig. 8(d) also shows
the vector diagram of U,y and U,y in the same phase. It can
be seen that Us is orthogonal to Uy, and Ugo due to power
loss. In this case, insulated gate bipolar transistors (IGBTs) are
subjected to a higher voltage stress and the operating point of
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SMSOP is outside the feasible area. Therefore, situations such
as shown in Fig. 8(c)—(e) should be avoided.

To avoid the operating point of SMSOP outside the feasible
area when the phase difference between U,y and U, is small,
the power factor of the SMSOP can be changed appropriately,
thus changing the phase of Us, as shown in Fig. 8(f)—(h). In
Fig. 8(f), the input stage operates at the unit power factor,
whereas the output stage generates inductive reactive power with
a power factor of 0.985. In Fig. 8(g), the output stage operates at
unit power factor, whereas the input stage generates capacitive
reactive power with the same power factor of 0.985. In Fig. 8(f),
the power factor is 0.985 for both the input and output stages,
where the input stage generates inductive reactive power, and the
output stage generates capacitive reactive power. In Fig. 8(f)—(h),
SMSOP can effectively reduce the voltage stress of IGBTs.

According to the above-mentioned analysis, the proposed
SMSOP topology is suitable for connecting two ac power grids
with the same amplitudes but different phases. If the two grid
voltages are in phase, the SMSOP requires a slight change in
power factor.

In the case of two ac grids with the same amplitudes but
different phases, a large modulation index of the shared module
can ensure that the SMSOP operates in a feasible area. However,
this does not mean that the larger output voltage amplitudes
of shared modules, the less quantity of modules required for
SMSOP. In Section IV, a design method will be proposed to
minimize the quantity of modules.

III. CONTROL OF SMSOP

The control of the SMSOP, including that of both nonshared
modules and shared modules, is developed in this section. The
nonshared modules consist of three stages, which are similar
to traditional power electronic transformer cells. Therefore, the
control is also similar to it. However, the traditional CHB control
scheme cannot be directly applied to shared modules because
the ac terminal voltage and current of the shared module are
orthogonal. To address this problem, a new control scheme
suitable for the shared module is proposed in this section.

The control block diagram of the proposed SMSOP is shown
in Fig. 9. The control targets of shared modules are to maintain
the voltage of the dc capacitor constant and provide ac voltage
to support the grid voltage together with the nonshared mod-
ules. The grid currents of input and output stages are regulated
by the control of nonshared modules. The control schemes of
the nonshared module are elaborated in Section III-A, and the
proposed control schemes of the shared module are elaborated
in Section III-B.

A. Control Scheme of Nonshared Module

The nonshared module is divided into an input stage, an
isolation stage, and an output stage. The control scheme of the
three stages will be introduced in this section.

The control objectives of the input stage are to maintain
the dc capacitor voltage constant and realize the unity power
factor. Similar to the traditional CHB control strategy, as shown
in Fig. 10(a), the dg vector control is applied in the rectifier
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Fig. 10.  Control scheme of the nonshared modules. (a) Control scheme of the
input stage. (b) Control scheme of the output stage.

controller of the input stage. The main difference is that the
output of the controller is the sum of ©; and us.

The functions of the output stage are to provide constant
output power. The dg vector control is applied in the output stage
controller as shown in Fig. 10(b). In the proposed controller,
the outer power loop regulates the output power and generates
the current reference, whereas the inner current loop tracks
the same current reference. Finally, us + u3 is generated as
a modulation signal. Both the modulation schemes of input
and output stages adopt the carrier-phase-shifted pulsewidth
modulation (CPS-PWM) scheme [26].
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The isolation stage SRC adopts open-loop control. Similar to
conventional dc—dc transformers, the IGBTs in each arm of the
primary and secondary sides adopt complementary conduction
with a 50% duty cycle. The shift phase between the two arms
on the primary and secondary sides is set to 0. The voltage gain
is denoted as (7).

B. Control Scheme of the Shared Module

The control objectives of the shared module are to maintain
the voltage of the dc-link capacitors constant and transmit power
from the input stage to the output stage directly.

The dc capacitor energy of the shared module can be described
as follows:

T
Wes = / UsI sin(wt — ¢1) sin(wt + a)dt
0
T
- / UslIy sin(wt + a) sin(wt + @2 + 0)dt
0

1
= §U3T[I1 cos g1 cosa — I sin g1 sina

C))

where ¢ and o are power factors of the input and output
stages, respectively. « is the phase difference between the input
stage voltage U;+Ujs and the shared module voltage Us. 6 is the
phase difference between the input stage voltage U; +Us and the
output stage voltage Us+Us.

According to (9), if Wg3 > 0, the voltage of the dc capacitor
rises. If W3 < 0, the voltage of dc capacitor drops. For a steady-
state operation, Ws3 = 0, then

— Iy cos(pa + 0) cos a — Iz sin(ps + ) sin @]

. . sin «v
[I1 sin 1 + I3 sin(py + 0)]

COos &

= [I1 cos 1 — Iz cos(pa + 0)]. (10)

Obviously, cosax > 0 due to o € (—90°, 90°).
According to (10), the steady-state phase « can be derived as
follows:
I cos 1 — I cos(pa + 0)
I siny + Iz sin(pa +0)

ax = arctan (11)
According to the sign of I;sing; + Igsin (@2 + ), two cases
are discussed below.

case I Isinpy + Ixsin (o3 + 60) >0

In this case, the key factor in deciding whether to charge or
discharge a dc capacitor is the result of comparing o and o*. If
a < o, then Wy3 > 0 and the voltage of the dc capacitor rises. If
a > o, then Wy3 < 0 and the voltage of dc capacitor decreases.

case II: Isinpy + Issin (g2 + 0) <0

Case II is similar to case I, i.e., if a < ", then W 3 < 0 and
the voltage of dc capacitor drops. If a > «*, then Ws3 > 0 and
the voltage of the dc capacitor rises.

According to the above-mentioned analysis, the shared mod-
ule control proposed in this article is shown in Fig. 11. The
dc voltage loop regulates the capacitor voltage and generates
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1 1 Ugl
Fig. 12.  Vector diagram of SMSOP operation at the steady-state point.

the phase a reference. o* is the feedforward value to improve
dynamic. The amplitude of modulation signal k is preset as 0.8
according to the analysis presented in Section II-C. In this figure,
the symbol Sign means the sign of /;sing; + Izsin (@2 + 6).

IV. DESIGN AND COMPARISONS

According to the analysis presented in Section II-C, as long as
the amplitude and phase of the two grids connected by SMSOP
are determined, the minimum quantity of modules required by
SMSOP can be designed. In this section, a designed method is
proposed and an example is given. In addition, the comparison
of the SMSOP and other SOP topologies is listed.

A. Analysis and Design of Minimum Quantity of Modules

According to details presented in Section II-A, the SMSOP
required N1 nonshared modules and (N — N;) shared modules.
To simplify the analysis, assume that
1) the dc-link capacitor voltage references of shared and
nonshared modules are equal, i.e., all dc capacitor voltages
are equal;
2) the voltage across the filter inductor is ignored, thus U1 +
Ug ~ Ugl and UQ + Ug ~ Ugg;
3) the SMSOP operates at unit power factor, i.e., the voltage
and current are in phase.
Since the minimum quantity of shared modules and nonshared
modules is proportional to the amplitude of the ac voltage, the
optimization objective can be equivalently expressed as follows:

min G = 2U; + 2U; + Us. (12)

Fig. 12 shows the vector diagram of SMSOP operation at a
steady-state point. As shown in the triangle /;/»/3, edge I3 can
be obtained according to the cosine law, which is expressed as
follows:

Iy = \/112 4 12— 21,15 cosf. (13)

Considering that Us and I3 are orthogonal, according to the
sine law in the triangle /11513, the relationship between I3 and



ZHAO et al.: NEW SHARED MODULE SOP FOR POWER DISTRIBUTION NETWORK

I, can be expressed as follows:
I3 I
sin  sin(Z —60+a)

(14)

Therefore, substituting (13) into (14) yields the following:
Iy sinf I, sin0

cos(0 — o) = = . (15
( ) I3 \/112+122—211[20059
Obviously, according to (15), «v is derived as follows:
I sin 6
« = 0 — arccos Lo . (16)
VIZ+ 13 — 2115 cos 0

According to the cosine law, Uy in the triangle Uy UsU  can
be derived as follows:

U = /U2 + U — 201Uz cos a. (17)

Similarly, U, in the triangle UsU3U,o can be derived as
follows:

U = \JU} + U2, — 2sUgacos(0 — ). (18)
Substituting (17) and (18) into (12) yields the following:

G =2U; +2U, + Us

= 2\/Ug21 + U2 — 2U ;1 Us cos

+2,/U3 + U2, — 203Uga cos(9 — a) + Us.  (19)

In (19), only Us is the variable, thus G is the function of Us.
Therefore, a minimum of G can be obtained as long as

oG

oUs

Itis difficult to obtain the analytical solution of (20); however,

numerical methods can be used to obtain its numerical solution.

Once Us is obtained, we can obtain U; and Uy according to

(17) and (18). Then, the minimum quantity of modules can be
obtained as follows:

0. (20)

Uy Us }
Nym = max , (20
{ my kpwm Uge " me kpwm Uge
Us
Ny = —""— 22
" ms kpmedc ( )

where max (x, y) denotes the maximum value of x and y. m is the
modulation index for the pulsewidth modulation (PWM) at rated
power. Ny, and Ny, are the quantities of shared modules and
nonshared modules, respectively. kpym indicates PWM gain.

Nnm and Ngp, calculated according to (21) and (22) are not
integers. Therefore, the quantities of shared and nonshared mod-
ules can be selected as ceil(NVyy,) and ceil(Ngy, ), respectively.
However, those results are conservative. The combination of
(ceil(Nym), floor(Ngp,)) or (floor(Nym,), ceil(Ngy,)) may be fea-
sible, where ceil (x) rounds x to the nearest integers greater than
or equal to x and floor (x) rounds x to the nearest integers greater
than or equal to x.

To design the minimum quantity of modules, the follow-
ing steps can be performed. Let N,,* = ceil(N,,) and
Nem™ = ceil(Ngy,). First, keep Ny,* constant and gradually
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Calculate i; and i,
Solve (13) and (16)

Solve (17) and (18)

’ Solve numerical solution of (20) ‘

v

’ Select m and decide N,,, and N, with (21) and (22) ‘

v

’ Let N, = ceil(N,,) and Ny, ceil(Ny,) ‘
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’ Output (N, , N\'m?/u.\‘f*)
le

%

End

Fig. 13.  Flowchart of the design procedure.

decrease Ny, * by 1 until the feasible area is not satisfied. Record
the last combination (Npm ™, Nam_1ast ) that satisfies the feasible
area. Secondly, keeping Ny, * constant and gradually decrement
Num™ by 1 until the feasible area is not satisfied. Record the
last combination (Npm_1ast”> Nsm™) that satisfies the feasible
area. Finally, compare the quantity of modules required in these
two combinations (Nym™®, Nem_1ast™) and (Num_1ast™s Nem™)s
then choose the combination that requires the least quantity of
modules.

From the above-mentioned analysis, a design procedure can
be concluded, as shown in Fig. 13.

B. Design Example and Comparison of SMSOP With Other
SOP Topologies

From the above-mentioned analysis and design procedure, a
design example is presented to provide an intuitive understand-
ing of the proposed design method. In addition, the comparison
of the SMSOP and another SOP topology is listed.

The example prototype parameters are presented in Table 1.

Here, Ug; = 10£0° kV and Uzo = 10£30° kV are adopted.
According to the rated power 1 MVA, the corresponding currents
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TABLE I
DESIGN EXAMPLE PARAMETERS

Parameters Value
Rated input voltage 10£0°kV
Rated output voltage 10.£30° kV
Rated dc-link capacitor voltage 750 V
Rated power 1 MVA

I and I» are 816£0° A and 816£30° A, respectively, thus
6 = 30°. Therefore, o can be obtained according to (16) that
is aw = 15°. Then, according to (17) and (18), it follows that both
U, and U, are functions of Us. Therefore, G is also a function
of U. 3.

MATLAB is used here to solve the numerical solution of (20).
The numerical solution of Us is 5.2 kV.

Then, considering m = 0.85, the quantities of nonshared
modules and shared modules can be obtained according to (21)
and (22) as Ngp* = 12 and Ny, * = 4, respectively. However,
(Nsm™, Nom™) = (11, 4) or (Ngm™, Nam™) = (12, 3) may be
feasible. According to the vector diagram of SMSOP, Ng,,,* = 11
and N,,,,* = 4 are the minimum numbers of modules.

Under the same conditions, the component numbers of CHB-
based SOP, BTB-MMC, DMMC-SOP, M3C-SOP, and SMSOP
are listed in Table II. It can be seen that the CHB-based SOP,
BTB-MMC, and DMMC-SOP require 624 IGBTs, whereas
SMSOP requires 324 IGBTs. In addition, 39 high-frequency
transformers are required in CHB-based SOP and 12 in SMSOP.
Therefore, SMSOP is lighter in weight and more economical in
cost than CHB-based SOP, BTB-MMC, and DMMC-SOP.

It can also be seen from Table II that 78, 312, and 156 dc
capacitors are required in CHB-based SOP, BTB-MMC, and
DMMC-SOP, respectively, whereas only 57 dc capacitors are
required in the SMSOP. In high-voltage applications, the large
number of capacitors is the major factor in the large size of
the cascade converter, so the SMSOP is smaller in size than the
CHB-based SOP, BTB-MMC, and DMMC-SOP. In summary,
the SMSOP can save IGBTs and high-frequency transformers,
thus reducing cost, size, and weight.

C. Power Loss Analysis

In SMSOP, the conduction losses of IGBT are much higher
than the switching losses and diode losses and are the dominant
loss component of the converter [27], [28]. Since conduction loss
has a positive correlation with current, the higher the current,
the higher the conduction loss [29]. According to Fig. 7, the
current i3 of the shared module is small due to the small phase
difference between i; and i5. Therefore, the power loss of shared
modules is lower than that of nonshared modules. For practical
applications, the number of shared modules is large but the losses
are lower than that of nonshared modules, and the number of
nonshared modules is small but losses are higher than that of
shared modules. Therefore, the SMSOP have low power loss.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

In order to verify the validation of SMSOP and its control
scheme, simulation model and experiment platforms are built in
this section.
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Fig. 14. Simulation waveforms of case A. (a) Current of input stage. (b)

Current of output stage. (¢) Current of shared module. (d) Voltage waveforms
of all dc capacitors.

A. Simulation Validation

An SMSOP topology used for simulation is built in MAT-
LAB/Simulink. In the simulation, the SMSOP consists of four
shared modules and two nonshared modules. The rated input
and output voltages are 10 kV, and the rated dc-link voltages
are 1600 V. The rated power of the SMSOP is 1 MW. In
the following, two cases are studied according to the phase
difference of two grid voltages. All voltage and current shown in
Figs. 14 and 15 are normalized by their rated value. The system
parameters are shown in Table III.

Case A: The phase difference between the two grids is 30°

In this case, the input and output voltages have the same
amplitude but with a 30° phase difference. The waveforms
are shown in Fig. 14. It can be seen from Fig. 14(a) to (c),
purely sinusoidal currents are injected into the grid. The current
amplitude of the shared module is half the amplitude of the
input and output currents according to (3). The waveforms of
all dc voltages are shown in Fig. 14(d). It can be seen that all
dc voltages are almost equal. The simulation results shown in
Fig. 14 verify the correctness of the topology and control strategy
in the presence of phase difference between the two grids.

Case B: The two grid voltages are in phase.

In this case, the input and output voltages have the same
amplitude and are in phase. The g-axis current reference ioycr
of the nonshared module at the input stage is set to 0.2 to ensure
stable operation of SMSOP, i.e., a power factor of around 0.98
and a power factor phase of around 11°. The waveforms are
shown in Fig. 15. It can be seen from Fig. 15(a) to (c), purely
sinusoidal currents are injected into the grid. The amplitude of
the shared module current i3 is small because the phase and
amplitude of i; and i» are almost the same according to (3).
Fig. 15(d) and (e) show the dg-axis component of i; and iy, and
the g-axis component of i5 is around 0.2, which is the same
as the reference value. Fig. 15(f) shows the voltage average
value of dc capacitor at the input stage, and Fig. 15(g) shows
all dc capacitor voltages. In this simulation, all dc voltages are
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TABLE II
COMPARISON OF THE SMSOP WITH EXISTING TOPOLOGIES

Parameters CHB-SOP[17] BTB-MMCJ18] DMMC-SOP[20] SMSOP
Number of inductors 6 12 6 6
Number of Capacitors 78 312 156 57
Number of submodules 156 312 156 81
Number of IGBTs 624 624 624 324
Number of transformers 39 0 0 12
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Fig. 15.  Simulation waveforms of case B. (a) Current of the input stage. (b)

Current of the output stage. (¢) Current of the shared module. (d) dg-axis current
component of the input stage. (e) dg-axis current component of the output stage.
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TABLE III
SIMULATION PARAMETERS OF SMSOP

Parameters Value
Rated input voltage 10 kV
Rated output voltage 10 kV
Rated dc-link capacitor voltage 1600 V
Rated power 1 MW
Filter inductor 10 mH
de-link capacitor 10 mF
SRC resonant inductor 57 uH
SRC resonant capacitor 1 uF
High-frequency transformerratio 1:1
Number of shared modules 4
Number of non-shared modules 2

almost equal. The active power and reactive power are shown
in Fig. 15(h). Since the output stage power factor is not I,
the system generates capacitive reactive power. The simulation
results shown in Fig. 15 verify the effectiveness of the topology
and control strategy in the case of two grid voltages in phase.

[ b I

le ac power supply

I topology

' Arm inductor

Fig. 16.  Experimental prototype.

B. Experimental Validation

An experimental platform is constructed and tested to verify
the effectiveness of the proposed SMSOP topology and control
schemes. The experimental prototype is shown in Fig. 16. The
power grid at the input stage is emulated by ITECH IT7600,
which is a controllable ac power supply, and the rated grid
voltage/frequency is 380 V/50 Hz. Three resistors are connected
in Y-connection to the output stage, and each one has a resistance
of 50 €2. The prototype has a total of 15 H-bridge converters,
which means each phase consists of one shared module and
one nonshared module. The input stage of SMSOP is connected
to the grid, converting 50 Hz, 380 VAC voltage to 200 VDC
bus, and then, the isolation stage SRC of SMSOP converts
200 VDC to 200 VDC with a 1:1 high-frequency transformer,
thus the voltage gain Uy is designed to be 1. The converter is
made up of 60 IGBTs power modules (Infineon IKWS50N60T,
600 V/50 A). A real-time simulator of RTUBOX based on a
CPU board operates as the controller of SMSOP with a 100 us
control step.

Without loss of generality, the phase difference between input
and output voltages is set to 30°. The system parameters are
shown in Table IV.

Fig. 17 shows the steady-state ac waveforms of SMSOP. In the
experiment, as shown in Fig. 17(a), the phase-A grid voltage and
current of the input stage are in phase, which indicates that the
SMSOP operates at unity power factor. Fig. 17(b) and (c) shows
the experimental waveforms of the input and output currents.
As shown in the figure, purely sinusoidal currents are injected
to the grid and resistive load. The amplitude of the input current
is 6.4 A and that of the output current is 6.1 A. The difference in
amplitude of input and output currents is mainly caused by the
power loss of the SMSOP topology.

The phase difference between input and output voltages is
controlled to be 29.8°, as shown in Fig. 18. The measured
results are almost the same as the set value of 30°. Therefore,
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TABLE IV
SMSOP TOPOLOGY PARAMETERS

Parameters Value
Rated input voltage 380£0°V
Rated output voltage 380£30°V
Rated dc-link capacitor voltage 200 V
Rated load 50Q
Rated power 2.8 kW
Filter inductor 2.5mH
dc-link capacitor 1 mF
SRC resonant inductor 57 uH
SRC resonant capacitor 1 uF
High-frequency transformer ratio 1:1
Number of shared module 1
Number of non-shared module 1
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Fig. 17. Steady-state waveforms of ac current. (a) Steady-state waveform of
input voltage and current in phase A. (b) Steady-state waveforms of input current.
(c) Steady-state waveforms of output current.

according to the analysis presented in Section II-C, the voltage
phase difference between shared and nonshared modules should
be 15°. As shown in the figure, the PWM voltage phase Uja3
of the shared module is measured as 14.5°, which verifies the
correctness of the analysis.

Fig. 19 depicts the experimental waveforms of dc-link voltage
with the voltage balance control. As is shown, all dc-link volt-
ages are controlled to be set value at 200 V and well balanced
in steady state. The voltage ripple at twice the grid frequency is
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shared modules.

seen at converter’s dc bus due to the active power coupling of the
single H-bridge. These experimental results verify the rectifier
and isolation stage control.

Fig. 20 displays both input and output dynamic waveforms of
voltage and current. In Fig. 20(a), input current changes as the
load is step increased or halved, distortion appears in the current
waveforms but settles within about two fundamental cycles. In
Fig. 20(b), one can see that the output voltage and current are
stable under a step change of load. Obviously, the step change
in load has no visible influence on the waveform of the output
voltage.
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and current.

VI. CONCLUSION

Based on the traditional CHB-based SOP, a novel three-phase
SMSOP topology suitable for power DN is proposed. This article
establishes mathematical models and proposes control strategies
for SMSOP topology. The feasible area is analyzed by means of
a vector diagram. The vector diagram illustrates that the SMSOP
is suitable for connecting two grids with the same amplitudes
but different phases. A large amplitude of shared module output
voltage can ensure that SMSOP operates in the feasible area.
If the two grid voltages are in phase, the SMSOP requires a
slight change in power factor. In addition, a design method is
proposed to minimize the quantity of modules, and a comparison
of the SMSOP with existing SOP topologies is listed. From
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the list, it can be concluded that the SMSOP can save IGBTs,
dc capacitors, and high-frequency transformers compared with
the CHB-based SOP and BTB-MMC, which reduces the cost,
weight, and volume significantly.
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