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configuring N cells in cascade connection, where N is g positive integer 931

equal to or greater than 2, each cell comprising a bidirectional switching unit -
and a non-controtled rectifier bridge, the bidivectional switching onit being /,/I

conmected to central points of two bridge arms -

of the non-~controlled rectifter bridge

controlling cach cell to operate in ane of three operating modesof a
modufation mode, a bypass mode, and a son~controlled rectifying mode, ‘
wherein among the N cells, m1 cells operate in the bypass mode, 832
where UM m2 cells operate in the non-controtled rectifying roode,
where O<m2<M2; m3 cells operate in the modudation mode and can
realize power factor correction, where 0<m3; wherein mi-tm2+m3=N,
M1 is the number of cells allowing bypass in the system, and M2 is
the number of cells allowing non-controlled rectification in the system

Fig. 3
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POWER MODULE AND METHOD FOR
CONTROLLING THE SAME, THREE-PHASE
POWER SYSTEM AND METHOD FOR
CONTROLLING THE SAME

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority from Chinese Pat-
ent Applications No. 202110517637.8, filed on May 12,
2021, which are hereby incorporated by reference for all
purposes as if fully set forth herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The invention relates to the power electronic tech-
nology, and particularly to a power module and a method for
controlling the same, and a three-phase power system and a
method for controlling the same.

2. Related Art

[0003] A solid-state-transformer (SST), which is also
referred to as a power electronic transformer, usually relates
to a device for directly converting a medium or high voltage
grid voltage into a low voltage output via a power electronic
circuit and a high-frequency isolating transformer. It has
significant advantages of a small volume and light weight
and has a wide application value in application scenarios
such as power distribution networks, data centers, and
charging stations.

[0004] Generally, an SST comprises an AC-DC stage and
a DC-DC stage. In conventional applications, the SST is
often applied as a one-way power system in the data centers
and charging stations. That is, the power only flows from the
power grid to a load, and does not flow from the load to the
power grid. In such a one-way application, to save cost, the
AC-DC stage often uses a power factor correction (PFC)
circuit.

[0005] FIG. 1A illustrates a single-phase PFC-type SST
comprised of N cells, such as Cell 1 to Cell N. Inputs of the
AC-DC stages of these cells Cell 1 to Cell N are cascaded,
and outputs of the DC-DC stages are connected in parallel.
In the one-way application, the AC-DC stage often adopts a
PFC circuit shown in FIG. 1B or IC or ID. For saving cost,
currently, a Totem-pole PFC circuit shown in FIG. 1B is
widely used. To improve the reliability of the system,
bidirectional switches are often added at an AC side, such as
a “bidirectional switch+Totem-pole” scheme shown in FIG.
1E, wherein when one cell has a fault, the bidirectional
switch of'that cell is turned on, to bypass that cell while keep
other cells operating stably.

[0006] The problem of the conventional one-way PFC-
type SST is that to enhance the reliability of the system each
cell shall be mounted with one bypass switch additionally,
which is also expensive, resulting in an increased cost of the
entire system.

SUMMARY OF THE INVENTION

[0007] An object of the invention is to provide a power
module and a method for controlling the same, and a
three-phase power system and a method for controlling the
same, which can solve one or more disadvantages of the
prior art.
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[0008] To realize the above object, according to one
embodiment of the invention, the invention provides a
method for controlling a power module, comprising:
[0009] configuring N cells in cascade connection, where N
is a positive integer equal to or greater than 2, each cell
comprising a bidirectional switching unit and a non-con-
trolled rectifier bridge, the bidirectional switching unit con-
nected to central points of two bridge arms of the non-
controlled rectifier bridge;

[0010] controlling each cell to operate in one of three
operating modes of a modulation mode, a bypass mode, and
a non-controlled rectifying mode, wherein in the N cells, the
ml cells operate in the bypass mode, where O=m1=<M1; the
m2 cells operate in the non-controlled rectifying mode,
where 0=m2=<M2; the m3 cells operate in the modulation
mode, and can realize power factor correction, where 0<m3;
wherein m1+m2+m3=N, M1 is the number of cells allowing
bypass in the system, and M2 is the number of cells allowing
non-controlled rectification in the system.

[0011] To realize the above object, the invention further
provides a power module, comprising: N cells in cascade
connection, where N is a positive integer equal to or greater
than 2, each cell comprising a bidirectional switching unit
and a non-controlled rectifier bridge, the bidirectional
switching unit connected to central points of two bridge
arms of the non-controlled rectifier bridge; wherein each cell
can operate in one of three operating modes of a modulation
mode, a bypass mode and a non-controlled rectifying mode,
and the cells operating in the modulation mode can realize
power factor correction.

[0012] To realize the above object, the invention still
further provides a three-phase power system, comprising:
[0013] three power modules are connected to three phases
of a three-phase power supply through a Y connection
manner or an angle connection manner.

[0014] To realize the above object, the invention even
further provides a method for controlling a three-phase
power system, comprising:

[0015] configuring three power modules connected to
three phases of a three-phase power supply through a Y
connection manner;

[0016] when the power module correspondingly con-
nected to one phase has cells operating in the non-controlled
rectifying mode, injecting a zero-sequence voltage into AC
ports of the power modules correspondingly connected to
another two phases.

[0017] The power module of the invention forms a cas-
cade circuit through N cells in cascade connection, and each
cell of the cascade circuit is an HPFC circuit comprising the
bidirectional switching unit and the non-controlled rectifier
bridge. Moreover, the invention can realize power factor
correction (PFC) and can multiplex bypass switches (i.e.,
switches in a bidirectional switching unit also may function
to bypass) by controlling the switches in the bidirectional
switching unit, thereby reducing cost and improving reli-
ability.

[0018] The invention further provides a three-phase power
system based on the cascade circuit and provides a fault-
tolerant control method suitable for the cascade circuit, and
when the bidirectional switching unit of one cell has an open
circuit fault, the fault-tolerant operation capability of the
system can be enhanced by injecting the zero-sequence
voltage to have a good current waveform.
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[0019] The invention is applied to a medium voltage
power grid system through the cascade circuit, and the
switches in the bidirectional switching unit also function to
bypass, so the invention has a relatively large advantage.
[0020] The additional aspects and advantages of the inven-
tion are partially explained in the below description, and
partially becoming apparent from the description, or can be
obtained through the practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The exemplary embodiments are described in
detail with reference to the accompanying drawings, through
which the above and other features and advantages of the
invention will become more apparent.

[0022] FIG. 1A is a structural diagram of a one-way
PFC-type SST of the conventional power system.

[0023] FIGS. 1B-1D are structural diagrams of a PFC
circuit at an AC-DC stage in FIG. 1A, respectively.

[0024] FIG. 1E is a structural diagram of a PFC circuit of
a “bidirectional switch+Totem-pole” scheme at the AC-DC
stage in FIG. 1A.

[0025] FIG. 2 is a structural diagram of a circuit of a power
module according to a first preferable embodiment of the
invention.

[0026] FIG. 3 is a flow diagram of a method for control-
ling a power module according to the invention.

[0027] FIG. 4 is a schematic diagram of controlling cells
in a modulation mode using a current closed-loop and
voltage feedforward according to the invention.

[0028] FIG. S is a flow diagram of cell fault-tolerant
processing of the power module according to the invention.
[0029] FIG. 6 is a structural diagram of a circuit of a power
module according to a second preferable embodiment of the
invention, wherein each cell further comprises a DC-DC
conversion cell.

[0030] FIG.7 is a schematic diagram of stimulation wave-
forms of the respective cells from a modulation mode to a
bypass mode in the power module according to the second
preferable embodiment of the invention.

[0031] FIG. 8 is a schematic diagram of stimulation wave-
forms of the respective cells from a modulation mode to a
non-controlled rectifying mode in the power module accord-
ing to the second preferable embodiment of the invention.
[0032] FIG.9 is a structural diagram of a circuit of a power
module according to a third preferable embodiment of the
invention, wherein each cell further comprises a relay.
[0033] FIG. 10 is a structural diagram of a circuit of a
power module according to a fourth preferable embodiment
of the invention, wherein a bidirectional switching unit in
each cell comprises four IGBTs connected in series.
[0034] FIG. 11 is a structural diagram of a three-phase
power system based on the power module of the invention.
[0035] FIG. 12 is a schematic diagram wherein in the
three-phase power system of the invention when there is a
cell operating in the non-controlled rectifying mode in one
phase of the power module, a zero-sequence voltage can be
injected into AC ports of the power modules of the other two
phases to realize current PFC control function.

[0036] FIG. 13 is a schematic diagram of the stimulation
effect based on the three-phase power system of the inven-
tion.
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DETAILED EMBODIMENTS OF THE
INVENTION

[0037] The exemplary embodiments will now be
described more fully with reference to the accompanying
drawings. However, the exemplary embodiments can be
implemented in various forms and shall not be understood as
being limited to the embodiments set forth herein; on the
contrary, these embodiments are provided so that this inven-
tion will be thorough and complete, and the conception of
exemplary embodiments will be fully conveyed to those
skilled in the art. In the drawings, the same reference sign
denotes the same or similar structure, so their detailed

description will be omitted.
[0038] When factors/components/the like described and/
or illustrated here are introduced, the phrases “one”, “a(an)”,
“the”, “said” and “at least one” refer to one or more
factors/components/the like. The terms “include”, “com-
prise” and “have” refer to an open and included meaning,
and refer to additional factors/components/the like, in addi-
tion to the listed factors/components/the like. The embodi-
ments may use relative phrases, such as, “upper” or “lower”
to describe a relative relation of one signed component over
another component. It shall be understood that if the signed
device reverses to turn upside down, the described compo-
nent on an “upper” side will become a component on a
“lower” side. In addition, the terms “first”, “second” and the
like in the claims are only used as signs, instead of numeral

limitations to objects.

[0039] FIG. 2 illustrates a circuit configuration of a power
module 100 according to a first preferable embodiment of
the invention. The power module 100, for example, may be
cascading applied to a medium voltage power grid system,
but the invention is not limited thereto. In the embodiment
of FIG. 2, the power module 100 may comprise N cells 10
in cascade connection, such as the cells Cell 1, Cell 2 . . . and
Cell N shown in the figure, where N is a positive integer
equal to or greater than 2. Each cell 10 may comprise a first
end 101 and a second end 102. The first ends 101 of the N
cells 10 are cascaded and may be further connected to a
power supply 20. The power supply 20, for example, may
be, but not limited to an AC power grid, and may provide a
voltage V.. The second ends 102 of the N cells 10, for
example, may be DC output ends, and connected to a DC
load, respectively, and the respective DC output ends may be
at voltages V., V., . . . and V .

[0040] Hereinafter taking the cell Cell 1 as an example, a
specific circuit of the respective cells in the invention is
explained in detail. In the invention, each cell 10 is an HPFC
circuit and comprises a bidirectional switching unit 11 and
a non-controlled rectifier bridge 12, wherein the bidirec-
tional switching unit 11 is connected to central points N1 and
N2 of two bridge arms 121 and 122 of the non-controlled
rectifier bridge 12. In this embodiment, the bidirectional
switching unit 11, for example, may comprise two IGBTs
having a body diode and connected in series reversely, i.e.,
comprising switches Q1 and Q2. However, it can be under-
stood that in other embodiments, the bidirectional switching
unit 11 also may comprise two IGBTs without a body diode
and connected in parallel, but the invention is not limited
thereto. In other embodiments, each cell 10 may further
comprise a first capacitor 13 and may be connected in
parallel to a DC end of the non-controlled rectifier bridge 12.
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Circuit configurations of the cells Cell 2 . . . and Cell N are
the same as that of the cell Cell 1, so the details are not
described here.

[0041] In the invention, since the circuit in which a
bidirectional switching unit 11 is added between the central
points N1 and N2 of the two bridge arms 121 and 122 of the
non-controlled rectifier bridge 12 is in an H shape and the
circuit can realize Power Factor Correction (PFC), it may be
referred to as an “HPFC circuit”. The invention enables the
HPFC circuit to realize the Power Factor Correction (PFC)
by regulating duty cycles of the switches (e.g., the switches
Q1 and Q2 in the embodiment of FIG. 2) in the bidirectional
switching unit 11.

[0042] In particular, each cell 10 can operate in one of
three operating modes of a modulation mode, a bypass
mode, and a non-controlled rectifying mode. When cell 10
is operating in the modulation mode, its bidirectional
switching unit 11 and non-controlled rectifier bridge 12
operate simultaneously to realize the Power Factor Correc-
tion (PFC). When cell 10 is operating in the bypass mode,
its bidirectional switching unit 11 is turned on to bypass the
non-controlled rectifier bridge 12. When cell 10 is operating
in the non-controlled rectifying mode, its bidirectional
switching unit 11 is turned off and only the non-controlled
rectifier bridge 12 is operating to rectify.

[0043] The cells in the power module of the invention
adopt the HPFC circuit configuration with the bypass func-
tion and the PFC function multiplexed, thereby reducing
cost as compared to the “bidirectional switch+Totem-pole”
scheme in the prior art. Moreover, the non-controlled rec-
tifier bridge does not have the problem of direct conduction,
which may improve the reliability of the system. Mean-
while, the introduction of the non-controlled rectifying
mode enhances the fault-tolerant control capability of the
system.

[0044] Further, in combination with FIG. 2, FIG. 3 illus-
trates a method 300 for controlling a power module accord-
ing to the invention, comprising:

[0045] step S31, configuring N cells 10 in cascade con-
nection, where N is a positive integer equal to or greater than
2, each cell 10 comprising a bidirectional switching unit 11
and a non-controlled rectifier bridge 12, the bidirectional
switching unit 11 being connected to central points N1 and
N2 of two bridge arms 121 and 122 of the non-controlled
rectifier bridge 12;

[0046] step S32, controlling each cell 10 to operate in one
of three operating modes of a modulation mode, a bypass
mode, and a non-controlled rectifying mode, wherein among
the N cells 10, m1 cells operate in the bypass mode, where
0<m1<M1; m2 cells operate in the non-controlled rectifying
mode, where 0<Sm2<M2; m3 cells operate in the modulation
mode and can realize power factor correction, where 0<m3;
wherein m1+m2+m3=N, M1 is the number of cells allowing
bypass in the system, and M2 is the number of cells allowing
non-controlled rectification in the system.

[0047] In the embodiment of FIG. 2, the M1, for example,
may be determined by a ratio of a grid voltage of the medium
voltage power grid system to a port withstanding voltage of
a single cell. For example, when a total grid voltage is 10kV,
assuming that the rated voltage of each cell is 1 kV and the
system has N=12 cells cascaded, the number allowing
bypass is M1=2. The M2, for example, may be determined
by an allowable current distortion degree of the system and
not exceed N/2.
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[0048] By controlling the switches in the bidirectional
switching unit 11, the invention can realize power factor
correction (PFC) and can multiplex bypass switches (i.e.,
switches in the bidirectional switching unit 11 may also have
function of bypass). With the multiplexing of the bypass
function and the PFC function, the present invention reduces
cost and improves reliability as compared to the “bidirec-
tional switch+Totem-pole” scheme in the prior art (as shown
in FIG. 1E).

[0049] In the invention, further, the cells operating in the
modulation mode can eliminate influence by a port voltage
of the cells in the non-controlled rectifying mode through a
current closed-loop and voltage feedforward control,
thereby realizing the PFC function. For example, the current
closed-loop and voltage feedforward control shown in FIG.
4 may be adopted. In the figure, I, is a current reference
on a d-axis representing an active power and being set
according to needs, cos 0, is a cosine function of an angle
of the grid voltage, L, .is an AC reference being synchro-
nized with the grid voltage, I, is the feedback of a grid
current, P is a current proportional controller, V,,, . is a
modulation voltage reference of the k-th cell in the modu-
lation mode, and V; is voltage feedforward. A calculating
formula of a feedforward voltage V is:

V- sign(ig)Z;”jl Vion

Vg =
7 N-m —m

[0050] wherein V, is a grid voltage, i, is a grid current,
sign is a sign function. That is, when i,>0, sign (i,)=1, when
1,<0, sign (i,)=—1, and when i,=0, sign (i,)=0. V., repre-
sents an output voltage of the h-th cell in the non-controlled
rectifying mode. In the formula, subscript h represents that
the h-th cell is in the non-controlled rectifying mode, and m,
cells in total are in the non-controlled rectifying mode. In the
formula, the numerator is the grid voltage minus a total port
voltage of the m, cells in the non-controlled rectifying mode,
and denominator N-m,—m, represents the number of cells in
the modulation mode, i.e., m;, meaning that the cells in the
modulation mode averagely distribute a total voltage corre-
sponding to the numerator.

[0051] Further, all cells operating in the modulation mode
may be modulated by the phase shift of carrier waves.
Specifically, a driving signal of the bidirectional switch can
be generated by comparing the modulation voltage reference
V ey With the carrier waves. Moreover, as for the (N-m,—
m,) cells operating in the modulation mode, phases of the
carrier waves between the cells may have a phase difference
of 21/(N—m,—m,) sequentially. In other words, phases of the
carrier waves between the m; cells operating in the modu-
lation mode may have a phase difference of 2n/m; sequen-
tially.

[0052] Further, the invention provides a fault-tolerant con-
trol method based on the power module of the cascaded
HPFC circuit. FIG. 5 illustrates a flow of fault-tolerant
control processing inside a control period of the k-th cell.
Among the N cells, as for the k-th cell, after the control
period begins, whether the k-th cell itself has a fault, such as
faults of DC_Link overvoltage or cell over-temperature, is
detected. If no, the k-th cell selects to enter the modulation
mode. If yes, the processing is classified according to fault
conditions. If it is an open circuit fault of the bidirectional
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switching unit, the number of cells in the non-controlled
rectifying mode in the system is judged. When the number
m?2 of cells in the non-controlled rectifying mode is less than
M2, the k-th cell may select to enter the non-controlled
rectifying mode, and the number of cells in the non-con-
trolled rectifying mode is added with 1 (i.e., m2+1), or the
system stops. If it is not the open-circuit fault of the
bidirectional switching unit, the number of cells in the
bypass mode in the system is judged. When the number m1
of cells in the bypass mode in the N cells is less than M1,
the k-th cell may select to enter the bypass mode, and the
number of cells in the bypass mode is added with 1 (i.e.,
ml+1), or the system shall stop.

[0053] FIG. 6 illustrates a circuit configuration of a power
module 100-1 according to a second preferable embodiment
of the invention, which may form a single-phase SST, for
example. In this embodiment, each cell 10 of the power
module 100-1 may further comprise a DC-DC conversion
cell 14 connected to a DC end of the non-controlled rectifier
bridge 12, wherein outputs of the DC-DC conversion cells
14 are connected in parallel to form an output of a total port
voltage Vo.

[0054] For this embodiment, when the bidirectional
switching unit 11 in cell 10 has an open circuit fault, a
preceding stage AC-DC (e.g., the non-controlled rectifier
bridge 12) of cell 10 is in the non-controlled rectifying mode
and may perform DC-Link voltage-sharing control through
a post stage DC-DC (e.g., the DC-DC conversion cell 14).
FIGS. 7 and 8 are simulation conditions of simulation
waveforms based on the embodiment of a single-phase SST
in the invention. The single-phase SST comprises four cells
cascaded, i.e., comprising cells Cell 1 to Cell 4, wherein
simulation is provided with a fault bypass of the fourth cell
Cell 4, a peak of the grid voltage is 4500V, Vdc=1580V,
Vo=980V, the DC-DC conversion cell 14 is an LLC con-
verter, a turns ratio of the transformer is 3:2, a capacitance
Cdc of the first capacitor 13 is 100 puF, a capacitance Co of
the output capacitor is 500 pF, a switching frequency of
AC-DC (i.e., the HPFC circuit) is 5 kHZ, the carrier waves
of the four cells are interlaced by 90 degrees, a resonant
frequency of the LL.C converter is 100 kHZ, a fixed switch-
ing frequency is controlled, and an output of the LLC
converter is connected with a load of 20Q resistor.

[0055] FIG. 7 is simulation waveforms from the modula-
tion mode to the bypass mode based on the second prefer-
able embodiment of the invention. As can be seen from the
waveforms, at about 100 ms, the cell Cell 4, for example,
due to fault, enters the bypass mode, because a DC-Link
voltage of the cell Cell 4 for exiting operation is decreased,
and the DC-Link voltages of other cells (Cell 1 to Cell 3) can
substantially operate uniformly and stably. Waveforms of
other currents and voltages are substantially normal. It
shows the feasibility of switching from the normal modu-
lation mode to the bypass mode using the structure and
method of the invention.

[0056] FIG. 8 is simulation waveforms from the modula-
tion mode to the non-controlled rectifying mode according
to the second preferable embodiment of the invention. As
can be seen from the waveforms, at about 100 ms, the cell
Cell 4, for example, due to the open circuit fault of the
bidirectional switch, enters the non-controlled rectifying
mode, and since the cell Cell 4 in the non-controlled
rectifying mode stops PWM modulation, a bridge arm
voltage is changed from a high-frequency PWM wave to a
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low-frequency square wave. Moreover, the DC-Link volt-
ages of all cells (Cell 1 to Cell 4) can substantially operate
uniformly and stably. Waveforms of other currents and
voltages are substantially normal. It shows the feasibility of
switching from the normal modulation mode to the non-
controlled rectifying mode using the structure and method of
the invention.

[0057] FIG. 9 illustrates a circuit configuration of a power
module 100-2 according to a third preferable embodiment of
the invention. In this embodiment, a relay 15 is further
provided at an AC side of each cell 10. When the switches
(IGBTs) of the bidirectional switching unit 11 have an open
circuit fault, it is possible to select to turn on the relay 15,
such that the corresponding cells enter the bypass mode.
Selecting the relay to bypass has a lower loss than selecting
the IGBTs of the bidirectional switching unit to bypass.
Therefore, when each cell is controlled, for the k-th cell, if
there is a fault and a fault type is the open circuit fault of the
bidirectional switching unit, the invention may preferably
turn on the relay, such that the k-th cell enters the bypass
mode.

[0058] FIG. 10 illustrates a circuit configuration of a
power module 100-3 according to a fourth preferable
embodiment of the invention. In this embodiment, each cell
10 further comprises a capacitor branch 13' comprised of a
first capacitor 131 and a second capacitor 132 connected in
series. The capacitor branch 13' is connected in parallel to a
DC end of the non-controlled rectifier bridge 12. The first
capacitor 131 has a voltage V,,,, across it, and the second
capacitor 132 has a voltage V _,, across it. Moreover, the
bidirectional switching unit 11 in each cell 10 may comprise
a first IGBT 11-11, a second IGBT 11-12, a third IGBT
11-21, and a fourth IGBT 11-22 connected in series, wherein
the first IGBT 11-11 and the second IGBT 11-12 are con-
nected in series reversely to form a first switching assembly
11-1, the third IGBT 11-21 and the fourth IGBT 11-22 are
connected in series reversely to form a second switching
assembly 11-2, and a central point N3 between the first
switching assembly 11-1 and the second switching assembly
11-2 are connected to a central point N4 between the first
capacitor 131 and the second capacitor 132. In such a way,
two IGBTs connected in series can replace one IGBT in the
embodiment of FIG. 2, to form the embodiment of a
three-level HPFC shown in FIG. 10. This embodiment can
reduce the requirement for a withstanding voltage of the
single IGBT.

[0059] FIG. 11 illustrates a structure of a three-phase
power system 200 based on a power module of the inven-
tion. The three-phase power system 200 comprises three
power modules 100A, 100B, and 100C connected to three
phases of a three-phase power supply 30 through a Y
connection manner or an angle connection manner. In the
embodiment of FIG. 11, the circuit configuration of the three
power modules 100A, 100B, and 100C, for example, may be
the circuit configuration of FIG. 6, and the three power
modules 100A, 1008, and 100C and the three phases (V,
V.5 and V) of the three-phase power supply 30 are
connected to form a three-phase SST through the Y connec-
tion manner. It can be understood that in other embodiments,
the circuit configuration of the three power modules 100A,
100B, and 100C also can be, for example, the configuration
of FIG. 2, 9, or 10, or other circuit configurations obtained
by modification of the invention, but the invention is not
limited thereto.
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[0060] In the invention, as for the three-phase power
system in a Y connection or an angle connection, the
fault-tolerant control logic of each phase is the same as that
of the single-phase SST, so the details are not described here.

[0061] In the invention, as for the three-phase power
system in a Y connection, when one cell operates in the
non-controlled rectifying mode, the current PFC control
function can be realized using the method of zero-sequence
voltage injection. More specifically, when the power module
of one phase has cells operating in the non-controlled
rectifying mode, the zero-sequence voltage can be injected
into AC ports of the power modules of the other two phases.
A schematic diagram of the zero-sequence voltage injection
is shown in FIG. 12, assuming that one cell in phase A is in
the non-controlled rectifying mode, the voltage of the phase
modulation wave cannot be infinitely approximate to zero
near a zero-crossing point, and to ensure the current not to
distort, the same voltage, i.e., the zero-sequence voltage,
shall be injected into the other two phases, such that a line
voltage does not include harmonic waves.

[0062] The simulation effect based on the embodiment of
the three-phase SST in FIG. 11 of the invention is shown in
FIG. 13. In this embodiment, simulation conditions are the
three-phase SST, each phase having four cells, wherein the
bidirectional switching unit of the fourth cell in phase C
enters the non-controlled rectifying mode after an open
circuit fault at 15 ms, and a time from 15 ms to 20 ms is a
transition process of detecting the fault and switching the
modes. At this time, since phase-shift angles and control
policies of the carrier waves cannot be timely switched, the
process has a waveform containing a short section of current
distortion. Next, after considering of influence of non-
controlled rectifier port voltage and control of the current
closed-loop with the zero-sequence voltage injection pro-
vided by the invention, the waveform of the current gets
back to normal. The simulation effect shows that the zero-
sequence voltage injection into the bridge arm voltage
enables THD of the waveforms of the circuit to get better,
and allows the cells to operate in non-controlled rectifica-
tion.

[0063] To sum up, in the power module and the power
system based on the cascaded HPFC circuit provided by the
invention, the HPFC circuit may be formed by the bidirec-
tional switching unit and the non-controlled rectifier bridge,
wherein the switches in the bidirectional switching unit can
multiplex the bypass function and the PFC function and can
reduce cost as compared to the existing “bidirectional
switch+Totem-pole” scheme. The non-controlled rectifier
bridge of the invention does not have the problem of direct
conduction and can improve reliability.

[0064] The invention further provides the fault-tolerant
control method suitable for the cascaded HPFC circuit, and
the three-phase SST based on the cascaded HPFC circuit.
When the bidirectional switching unit of one cell has the
open circuit fault, it is possible to select to enter the
non-controlled rectifying mode or the bypass mode. The
introduction of the non-controlled rectifying mode can
enhance the fault-tolerant control capability of the system.

[0065] As for the three-phase power system in a Y con-
nection, when one cell operates in the non-controlled recti-
fying mode, the invention also can realize the current PFC
control function using the method of zero-sequence voltages
injection, such that the waveform of the current is good,
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thereby further enhancing the fault-tolerant control capabil-
ity of the system, so the invention has a further advantage.
[0066] Exemplary embodiments of the invention have
been shown and described in detail. It shall be understood
that the invention is not limited to the disclosed embodi-
ments. Instead, the invention intends to cover various modi-
fications and equivalent settings included in the spirit and
scope of the appended claims.

What is claimed is:
1. A method for controlling a power module, comprising:
configuring N cells in cascade connection, where N is a
positive integer equal to or greater than 2, wherein each
cell comprises a bidirectional switching unit and a
non-controlled rectifier bridge and the bidirectional
switching unit is connected to central points of two
bridge arms of the non-controlled rectifier bridge; and

controlling each cell to operate in one of three operating
modes of a modulation mode, a bypass mode, and a
non-controlled rectifying mode, wherein among the N
cells, m1 cells operate in the bypass mode, where
0<m1<M1; m2 cells operate in the non-controlled
rectifying mode, where 0Sm2<M?2; m3 cells operate in
the modulation mode and can realize power factor
correction, where 0<m3; wherein m1+m2+m3=N, M1
is the number of cells allowing bypass in the system,
and M2 is the number of cells allowing non-controlled
rectification in the system.

2. The method for controlling a power module according
to claim 1, wherein the cells operating in the modulation
mode are modulated by phase shift of carrier waves.

3. The method for controlling a power module according
to claim 2, wherein phases of the carrier waves between the
m3 cells operating in the modulation mode have a phase
difference of 2n/m3 sequentially.

4. The method for controlling a power module according
to claim 1, wherein the cells operating in the modulation
mode further adopt a current closed-loop and voltage feed-
forward control, wherein a calculating formula of a feed-
forward voltage is as follows:

.. m
Ve — 51gn(1g)Z:h:21 Viaen

Vg =
7 N-m —m

wherein V, is a grid voltage, i, is a grid current, sign is a
sign function, and V ,_, represents an output voltage of
the h-th cell in the non-controlled rectifying mode.

5. The method for controlling a power module according

to claim 1, wherein controlling each cell further comprises:
for the k-th cell among the N cells, after a control period
begins, detecting whether the k-th cell has a fault;

if no, the k-th cell selects to enter the modulation mode;

if yes, and if the fault is an open circuit fault of the
bidirectional switching unit and the number of cells in
the non-controlled rectifying mode in the N cells is less
than M2, the k-th cell selects to enter the non-controlled
rectifying mode, otherwise the system stops; and

if yes, and if the fault is not an open circuit fault of the
bidirectional switching unit and the number of cells in
the bypass mode in the N cells is less than M1, the k-th
cell selects to enter the bypass mode, otherwise the
system stops.
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6. The method for controlling a power module according
to claim 5, wherein,

each cell further comprises a relay connected in parallel to
the bidirectional switching unit and located at an AC
side of the cell;

wherein when controlling each cell:

for the k-th cell, if there is a fault and the fault is the open
circuit fault of the bidirectional switching unit, the
relay is turned on such that the k-th cell enters the
bypass mode.

7. The method for controlling a power module according
to claim 1, wherein the power module is cascading applied
to a medium voltage power grid system.

8. The method for controlling a power module according
to claim 7, wherein the M1 is determined by a ratio of a grid
voltage of the medium voltage power grid system to a port
withstanding voltage of a single cell, and the M2 is deter-
mined by an allowable current distortion degree of the
system, where the M2 does not exceed N/2.

9. The method for controlling a power module according
to claim 1, wherein,

each cell further comprises a first capacitor connected in
parallel to a DC end of the non-controlled rectifier
bridge,

wherein the bidirectional switching unit comprises two
IGBTs having a body diode connected in series
reversely, or the bidirectional switching unit comprises
two IGBTs without a body diode connected in parallel.

10. The method for controlling a power module according
to claim 1, wherein,

each cell further comprises a capacitor branch comprised
of a first capacitor and a second capacitor connected in
series, and the capacitor branch is connected in parallel
to the non-controlled rectifier bridge;

wherein the bidirectional switching unit comprises a first
IGBT, a second IGBT, a third IGBT, and a fourth IGBT
connected in series, the first IGBT and the second
IGBT being connected in series reversely to form a first
switching assembly, the third IGBT and the fourth
IGBT being connected in series reversely to form a
second switching assembly, and a central point between
the first switching assembly and the second switching
assembly being connected to a central point between
the first capacitor and the second capacitor.

11. The method for controlling a power module according
to claim 1, wherein each cell further comprises a DC-DC
conversion cell connected to a DC end of the non-controlled
rectifier bridge.

12. A power module, comprising:

N cells in cascade connection, where N is a positive
integer equal to or greater than 2, wherein each cell
comprises a bidirectional switching unit and a non-
controlled rectifier bridge, and the bidirectional switch-
ing unit is connected to central points of two bridge
arms of the non-controlled rectifier bridge;

wherein each cell can operate in one of three operating
modes of a modulation mode, a bypass mode, and a
non-controlled rectifying mode, and the cells operating
in the modulation mode can realize power factor cor-
rection.

13. The power module according to claim 12, wherein

each cell comprises a first end and a second end, wherein the
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first ends of the N cells are cascaded and the second ends of
the N cells are connected to a DC-DC conversion cell,
respectively.

14. The power module according to claim 12, wherein
each cell further comprises a relay connected in parallel to
the bidirectional switching unit.

15. The power module according to claim 12, wherein the
power module is cascaded to a medium voltage power grid
system.

16. The power module according to claim 12, wherein,

each cell further comprises a first capacitor connected in

parallel to a DC end of the non-controlled rectifier
bridge,

wherein the bidirectional switching unit comprises two

IGBTs having a body diode connected in series
reversely, or the bidirectional switching unit comprises
two IGBTs without a body diode connected in parallel.

17. The power module according to claim 12, wherein,

each cell further comprises a capacitor branch comprised

of a first capacitor and a second capacitor connected in
series, and the capacitor branch is connected in parallel
to the non-controlled rectifier bridge;

wherein the bidirectional switching unit comprises a first

IGBT, a second IGBT, a third IGBT, and a fourth IGBT
connected in series, the first IGBT and the second
IGBT being connected in series reversely to form a first
switching assembly, the third IGBT and the fourth
IGBT being connected in series reversely to form a
second switching assembly, and a central point between
the first switching assembly and the second switching
assembly being connected to a central point between
the first capacitor and the second capacitor.

18. The power module according to claim 12, wherein in
the N cells,

if any of the cells do not have a fault, the cell selects to

enter the modulation mode;

if any of the cells have a fault, and if the fault is an open

circuit fault of the bidirectional switching unit and the
number of cells in the non-controlled rectifying mode
in the N cells is less than M2, the cell with fault selects
to enter the non-controlled rectifying mode, otherwise
the system stops; and

if any of the cells have a fault, and if the fault is not an

open circuit fault of the bidirectional switching unit and
the number of cells in the bypass mode in the N cells
is less than M1, the cell with fault selects to enter the
bypass mode, otherwise the system stops.

19. A three-phase power system, comprising:

three power modules according to claim 12 connected to

three phases of a three-phase power supply in a Y
connection manner or an angle connection manner.

20. A method for controlling a three-phase power system,
comprising:

configuring three power modules according to claim 12

connected to three phases of a three-phase power
supply in a Y connection manner;

when there is a cell operating in the non-controlled

rectifying mode in the power module connected to one
phase, injecting a zero-sequence voltage into AC ports
of the power modules connected to the other two
phases.



