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Direct Power Flow Controller With Continuous
Full Regulation Range

Chong Yao and Youjun Zhang

Abstract—In order to enhance power flow control in power trans-
mission, a new simplified structure of direct power flow controller
with continuous full regulation range (F-DPFC) was proposed. It
has only one-stage power conversion and comprises of a three-phase
transformer in parallel and a three-phase transformer in series
with grid, three single-phase full-bridge ac units, and a three-phase
filter. Compared with the previous DPFC, the proposed one dis-
penses with two complex three-phase selection switches, which are
connected to a high-voltage grid directly, and replaces buck-type
ac units with full-bridge-type ac units. Then, the limit of its duty
cycle is extended from [0, 1] to [−1, 1], providing a continuous
360° adjustment range of compensation voltage. Within a large
complete zone replacing six separate zones, the proposed F-DPFC
can regulate the amplitude and phase angle of grid node voltage,
respectively and simultaneously, and the active and reactive power
flow in the grid can be controlled smoothly and effectively. The
new structure is easy to achieve modular expansion and enables it
to operate under high-voltage and power conditions. Its structure
and operational principle were analyzed in detail, and a prototype
was developed. The experimental results verified the feasibility and
the correctness of the theoretical analysis.

Index Terms—Compensation voltage, direct power flow con-
troller (DPFC), grid voltage, phase regulation, power transmission.

I. INTRODUCTION

HOW to control the power flow quickly and accurately in
power transmission systems is always the key to improve

power grid quality and energy transfer efficiency. Power flow
in power system includes active power flow and reactive power
flow (PR, QR), and they are functions of the line impedance (X),
the magnitudes of the sending-end voltage and the receiving-end
voltage (USm, URm), and the phase angle difference between the
two voltages (θ), as illustrated in (1), when the line is represented
in its most simplified form as reactance [1], [2], [3], [4], [5].
Therefore, the flexible ac-transmission system (FACTS), which
can adjust one or more ac-transmission system parameters to
increase the stability of power system, is widely used [6], [7], [8].

The FACTS devices can be connected to the transmission
line in different ways, such as series, parallel, or series–parallel
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integration. The shunt FACTS devices [9], [10] are used to con-
trol transmission voltage and power, and reduce losses, among
which static var compensator [11], [12] and static synchronous
compensator (STATCOM) [13], [14], [15] are used widely.
STATCOM is applied to ac power transmission based on a
voltage-source converter [16], providing a reactive power supply
to the grid. Typically, it is installed on power grids experiencing
power factor and voltage regulation issues. The main features
of STATCOM systems are fast response time, small footprint,
and excellent dynamic characteristics under different operating
conditions {

PR = USmURm

2X sin θ

QR = USmURm cos θ−URm
2

2X .
(1)

The series FACTS devices [17], [18] include static syn-
chronous series compensator (SSSC) [19], [20], thyristor-
controlled series capacitor [21], and gate-controlled series ca-
pacitor [22]. These devices are connected in series to the power
system and change the equivalent reactance and resistance of the
circuit to achieve voltage regulation and power compensation,
thereby improving the stability and reliability of the power
system. However, they cannot control active and reactive power
flow independently and simultaneously.

The unified power flow controller (UPFC) [23], [24], [25],
[26], composed of SSSC, STATCOM, and dc energy storage
components, is one of the most powerful and comprehensive
devices in FACTS. By combining STATCOM and SSSC, UPFC
can realize the function of adjusting active and reactive power
flow, respectively and simultaneously. However, due to the large
dc energy storage element between STATCOM and SSSC, which
has a short equipment life cycle or a high number of failures and
causes high maintenance cost, the further promotion of UPFC
is restricted, even though it has superior control ability.

In order to remove the dc energy storage elements in the
device, a new structure, namely the ac–ac converter with con-
trollable phase and amplitude (ACCPA) [27], [28], [29], [30],
was proposed. It adopts the concept of a virtual orthogonal
source [28] and a two-stage structure, which not only has the
functions of boosting and bucking voltage but also allows for the
adjustment of the output voltage phase angle. Based on ACCPA,
a new concept called direct power flow controller (DPFC), which
does not contain large dc energy storage elements, was described
in [8]. As shown in Fig. 1, DPFC is based on single-stage
ACCPA and it replaces the boost-type ac converter in two-stage
ACCPA with an output transformer to achieve the function of
boosting voltage and has only a one-stage conversion circuit.
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Fig. 1. DPFC with full 360° regulation zone.

Fig. 2. Six basic regulation zones of DPFC.

DPFC is able to regulate the amplitude and phase angle of
output compensation voltage, respectively and simultaneously,
within a 360° range and adjust active power and reactive power
in the power transmission system by connecting the output
compensation voltage in series to the power grid.

However, under a certain combination of selection switches
SGi and SGo, the DPFC can only adjust the phase of the output
compensating voltage within the range of−30° to 30°. As shown
in Fig. 2, the output compensating voltage adjustment range of
DPFC is divided into six independent zones. The adjustment
process is only carried out continuously in a separate zone and
only by changing the combination of the selection switches can
the output compensation voltage be adjusted from one zone
to another. Because the step length for phase adjustment in
selection switches is 60°, this adjustment will result in a sudden
change in the output voltage. From (1), it can be seen that the
discontinuity of voltage caused by the change of the combination
of selection switches will lead to abrupt changes in active and
reactive power flow, which is obviously not conducive to the
stability of the power transmission. And due to the selection
switches, it is difficult for DPFC to achieve modular expansion
[31], [32], [33], which limits its application in high-voltage and
high-power situations.

In order to solve the problem of discontinuous control process
in DPFC and simplify the structure for modular expansion,
a new structure called DPFC with continuous full regulation
range (F-DPFC) was proposed in this article. F-DPFC, without
the need for selection switches, allows smooth and continuous
adjustment of compensating voltage within a 360° range, and
then independently or simultaneously adjusts the magnitude and

TABLE I
COMPARISON BETWEEN F-DPFC AND EXISTING METHODS

phase angle of the voltage at the grid nodes to control the active
and reactive power flow in the transmission system. Compared
with DPFC, F-DPFC replaces buck-type ac units in DPFC with
full-bridge-type ac units and removes selection switches that
have complex structure and high cost, owing to being connected
to the high-voltage power grid directly. Furthermore, as the
selection switches are removed, F-DPFC is easier to achieve
modular expansion, which further broadens its application. F-
DPFC also does not contain the large dc energy storage element,
which is present in UPFC, and has only one-stage conversion
circuit. Therefore, F-DPFC does not suffer from the drawbacks
of high failure rates and maintenance costs caused by the pres-
ence of large dc energy storage elements in UPFC. The compar-
ison between F-DPFC and existing methods is summarized in
Table I. The topology and operational principle of F-DPFC were
described in detail. The regulation range of output compensation
voltage and relationship between adjustment range and control
parameters were analyzed, and then the selection of control
parameters and closed-loop control strategy were given. Finally,
a prototype of F-DPFC and experimental results were shown to
verify the correctness of theory and feasibility of F-DPFC.

II. TOPOLOGICAL STRUCTURE AND OPERATIONAL PRINCIPLE

A. Topological Structure

The structure of F-DPFC is shown in Fig. 3. Similar to DPFC,
F-DPFC also contains a three-phase transformer in parallel and
a three-phase transformer in series with grid. It takes the place
of buck-type ac units in DPFC with full-bridge-type ac units and
removes selection switches.

The input terminals of transformer Ti are connected in parallel
with the power grid and the output terminals of the transformer
To are connected in series with the power grid. Fig. 4 shows
the connection mode of input transformer winding and output
transformer winding. In this article, Ti and To are connected
in a Δ/Yn11 type to cancel out the third harmonic currents
and voltages. The possible connection type can also be Δ/Yn1,
Δ/Yn3, Δ/Yn5, Δ/Yn7, or Δ/Yn9, with the same operating
principle for different connection types. Each secondary wind-
ing of transformer Ti is connected to the input terminal of a
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Fig. 3. Basic topological structure of the F-DPFC.

Fig. 4. Connection mode of input transformer and output transformer.

full-bridge-type ac unit. As shown in Fig. 3, one output terminal
of each full-bridge-type ac unit is connected to the same point,
defined as point F, and the other output terminal is connected
to the input terminal of transformer To through a three-phase
output filter.

B. Operational Principle

To facilitate analysis, we assume the following.
1) Original grid voltage is sinusoidal with angular frequency

ω ( = 2πf, where f is its frequency) and uiab, uibc, and uica
are the original line voltages.

2) Circuit components are ideal and low-frequency voltage
drop across the inductor Lfx (x=a, b, c, where x is the name
of phase in lowercase letter) is not taken into account.

3) Ti and To are of Δ/Yn11-type connection group with turn
ratios Ni and No. It should be noted that points A1, B1, and
C1 or A5, B5, and C5 are not connected together, and the
secondary windings of To are separately connected with
the power transmission line in series.

Then, uia1, uib1, and uic1, the secondary voltage of Ti, and
the input voltages of buck units in Fig. 3, and da, db, and dc, and
the duty ratio of the buck units, are given as follows:⎧⎪⎨
⎪⎩
uia1 = uiab

Ni
= UimL

Ni
sinωt = Uim sinωt

uib1 = uibc

Ni
= UimL

Ni
sin(ωt− 120◦) = Uim sin(ωt− 120◦)

uic1 = uica

Ni
= UimL

Ni
sin(ωt+ 120◦) = Uim sin(ωt+ 120◦)

(2)

Fig. 5. Value range of k0 and k2.

⎧⎪⎨
⎪⎩
da = k0 + k2 sin(2ωt+ β2)

db = k0 + k2 sin[2(ωt− 120◦) + β2]

dc = k0 + k2 sin[2(ωt+ 120◦) + β2]

(3)

where UimL and Uim are the amplitudes of uiab and uia1,
respectively, β2 is the phase angle of the ac component of da
based on uia1, and the parameters k0 and k2 are constants and
k2 is nonnegative.

In unit-A of Fig. 3, when switch unit S1 is always on and
switch unit S3 is always off, and switch units S2 and S4 are
alternately on, the output voltage varies within 0–1 times the
input voltage uia1, that is, 0 < da < 1. When switch unit S3 is
always on and switch unit S1 is always off, and switch units S2
and S4 are alternately on, the output voltage varies within −1 to
0 times the input voltage uia1, that is, −1 < da < 0. Therefore,
we can get −1 ≤ da ≤ 1 and further know that k0 + k2 ≤ 1 at
0 ≤ k0 ≤ 1, or k0 − k2 ≥ −1 at −1 ≤ k0 ≤ 0. The value range
of k0 and k2 is shown in Fig. 5.

After most high-frequency components are filtered out, uox2,
the output voltage of the buck unit (between points X3 and F
in Fig. 3, where X = A, B, C and X is the name of phase in
uppercase letter), is obtained, which contains the fundamental
and third harmonic components⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uoa2 = dauia1

= Uim sinωt [k0 + k2 sin (2ωt+ β2)]

uob2 = dbuib1

= Uim sin (ωt− 120◦) [k0 + k2 sin (2ωt− 240◦ + β2)]

uoc2 = dcuic1

= Uim sin (ωt+ 120◦) [k0 + k2 sin (2ωt+240◦+β2)] .
(4)

Simplified⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uoa2 = Uim

[
k0 sinωt+

1
2k2 sin (ωt+ β2 + 90◦)

− 1
2k2 cos (3ωt+ β2)

]
uob2 = Uim

[
k0 sin (ωt− 120◦) + 1

2k2 sin (ωt+ β2 − 30◦)

− 1
2k2 cos (3ωt+ β2)

]
uoc2 = Uim

[
k0 sin (ωt+ 120◦) + 1

2k2 sin (ωt+ β2 + 210◦)

− 1
2k2 cos (3ωt+ β2)

]
.

(5)
Since To is of Δ/Y-type connection group with turn ratio No,

the third harmonic signals in uoa2, uob2, and uoc2 cancel each
other out, and only the fundamental voltage components uoa3,
uob3, and uoc3 have remained. It can be seen that F-DPFC can
only operate when there is at least two-phase grid balance. One
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can obtain the voltages uoab3, uobc3, and uoca3

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uoa3 = Uim

[
k0 sinωt+

1
2k2 sin (ωt+ β2 + 90◦)

]
= Uom sin (ωt+ ϕ1)

uob3 = Uim [k0 sin (ωt− 120◦)

+ 1
2k2 sin (ωt+ β2 − 30◦)

]
= Uom sin (ωt+ ϕ1 − 120◦)

uoc3= Uim [k0 sin (ωt+ 120◦)

+ 1
2k2 sin (ωt+ β2 + 210◦)

]
= Uom sin (ωt+ ϕ1 + 120◦)

(6)

⎧⎪⎨
⎪⎩
uoab3 = uoa3 − uob3 =

√
3Uom sin (ωt+ ϕ1 + 30◦)

uobc3 = uob3 − uoc3 =
√
3Uom sin (ωt+ ϕ1 − 90◦)

uoca3 = uoc3 − uoa3 =
√
3Uom sin (ωt+ ϕ1 + 150◦)

(7)

where Uom is the amplitude of the fundamental voltage compo-
nent uoa3, and ϕ1 is the phase angle of the fundamental voltage
component uoa3.

Here, ϕ1 and Uom would be given as follows:

ϕ1 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

arctan k2 cosβ2

2k0−k2 sinβ2
(2k0 − k2 sinβ2 > 0)

arctan k2 cosβ2

2k0−k2 sinβ2
+ π (2k0 − k2 sinβ2 < 0)

π
2 (2k0 − k2 sinβ2 = 0 and cosβ2 > 0)

−π
2 (2k0 − k2 sinβ2 = 0 and cosβ2 < 0)

(8)

Uom = Uim

√
k2

2

4
+ k0

2 − k0k2 sinβ2

=
UimL

Ni

√
k2

2

4
+ k0

2 − k0k2 sinβ2. (9)

One can obtain the compensation phase voltages of grids uoa,
uob, and uoc

⎧⎪⎪⎨
⎪⎪⎩
uoa =

√
3Uom

No
sin (ωt+ ϕ1 + 30◦)

uob =
√
3Uom

No
sin (ωt+ ϕ1 − 90◦)

uoc =
√
3Uom

No
sin (ωt+ ϕ1 + 150◦) .

(10)

Then, the compensation line voltages of grids uoab, uobc, and
uoca are obtained

⎧⎪⎨
⎪⎩
uoab = uoa − uob =

3Uom

No
sin (ωt+ ϕ1 + 60◦)

uobc = uob − uoc =
3Uom

No
sin (ωt+ ϕ1 − 60◦)

uoca = uoc − uoa = 3Uom

No
sin (ωt+ ϕ1 + 180◦) .

(11)

Fig. 6. Structure of A-phase modular expansion.

The regulated grid line voltages uab, ubc, and uca are as
follows: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uab= uiab + uoab = uiab + (uoa − uob)

= UmL sin (ωt+ ϕr)

ubc= uibc + uobc = uibc + (uob − uoc)

= UmL sin (ωt+ ϕr − 120◦)

uca= uica + uoca = uica + (uoc − uoa)

= UmL sin (ωt+ ϕr + 120◦)

(12)

where UmL and ϕr are the amplitude and phase angle of uab,
and here, UmL and ϕr would be given as follows:

ϕr = arctan

3Uom

No
sin(ϕ1 + 60◦)

UimL + 3Uom

No
cos(ϕ1 + 60◦)

= arctan
3Uom sin(ϕ1 + 60◦)

NoUimL + 3Uom cos(ϕ1 + 60◦)
(13)

UmL =

√√√√√
[
UimL + 3Uom

No
cos (ϕ1 + 60◦)

]2
+
[
3Uom

No
sin(ϕ1 + 60◦)

]2 . (14)

From (8) and (9), we know that Uom and ϕ1 are controlled
by three parameters k0, k2, and β2, and so are UmL and ϕr.

C. Expansion of Circuit Modular Structure

Due to material constraints, the voltage stress of power
electronic device cannot be significantly increased. Therefore,
modular expansion is an effective way for circuit structures to
be suitable for high-voltage and high-power applications. Here
is an introduction to the modular expansion structure.

Compared with the previous structure, the modular structure
increases the number of the secondary windings of Ti and the
full-bridge ac circuits of each phase. The output terminals of
the full-bridge ac circuits for each phase are connected in series,
and the input terminals are connected to the secondary windings
of the three-phase multiwinding transformer, respectively. The
A-phase conversion unit of modular structure is shown in Fig. 6.
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Fig. 7. Simulation results of F-DPFC with modular expansion. (a) uia1_1 and
uoa1_1. (b) uS2a_a1. (c) uoa1. (d) uoa2. (e) uia1_1 and uoa.

To verify the feasibility of the modular structure, simulation
verification is conducted for the F-DPFC with modular expan-
sion. In the simulation experiment, the number of modules in
each phase of the structure is set to 3, and To is of Δ/Yn11 type
with turn ratio 1. The input voltage of each module is the same,
with an amplitude of 300 V, and parameters k0 = 0, k2 = 0.8,
and β2 = 90° are set, which can also be others. The input voltage
uia1_1 and the unfiltered output voltage uoa1_1 of module-1 are
shown in Fig. 7(a). It can be seen that uia1_1 is the amplitude
envelope curve of the high-frequency pulse signal uoa1_1. In
Fig. 7(b), uS2a_a1 is the voltage stress across the switch tube
S2a_a1 in module-1. It can be seen that the switch tube S2a_a1

maintains a conducting state during half of the uia1_1 period and
performs a switching action during the other half of time. The
voltage stress of the switch tube at the time of disconnection
is the input voltage of the module. Since each module has the
same control law and is connected in series at the output end,
the voltage signal uoa1 is obtained in Fig. 7(c), which is the sum
of the output voltages of each module in A-phase and also three
times the magnitude of voltage uoa1_1. By filtering out higher
harmonic components, the voltage uoa2, as shown in Fig. 7(d),
containing the fundamental wave and the third harmonic wave,
is obtained. Then, after offsetting the third harmonic, the output
compensation voltage uoa is finally obtained in Fig. 7(e). By
substituting the values of k0, k2, and β2 into (8), (9), and (10),
one can getϕ1 + 30°= 120° and

√
3Uom/No = 207.85 V, which

Fig. 8. Schematic diagram of compensation voltage synthesis.

are the phase angle of uoa leading uia1_1 and approximately the
one-third magnitude of uoa in Fig. 7(e), respectively. Therefore,
the simulation results not only demonstrate the feasibility of the
modular structure but also validate the correctness of the theo-
retical analysis presented. And it can be seen that the modular
expansion enables F-DPFC to be applied in high-voltage and
high-power situations using low-voltage devices.

III. ADJUSTMENT RANGE AND CONTROL STRATEGY

A. Range of Grid Compensation Voltage

For the convenience of analysis, take A-phase as an example.
We can simplify the A-phase in (6) to the following formula:

kd =
uoa3

Uim
= k0 sinωt+

1

2
k2 sin(ωt+ β) (15)

where β = β2 + 90°, and kd is a vector with the same phase as
uoa3.

The compensation voltage synthesis diagram is shown in
Fig. 8. In the diagram, the vector OC represents uoa3/Uim, and
the vectors OA and AC represent the voltage components k0sinωt
and 0.5k2sin(ωt + β). If 0 < ϕ1 < 90°, the following can be
obtained: ⎧⎪⎪⎨

⎪⎪⎩
|−−→AB| = cosβ · |−→AC| = k2 cosβ

2

|−−→BC| = sinβ · |−→AC| = k2 sinβ
2

|−−→OB| = |−→OA|+ |−−→AB| = k0 +
k2 cosβ

2 .

(16)

Then, one can obtain ϕ1 and |kd|

ϕ1 = arctan
|−−→BC|
|−−→OB|

= arctan
|−−→BC|

|−→OA|+ |−−→AB|

= arctan
k2 sinβ

2k0 + k2 cosβ

= arctan
k2 cosβ2

2k0 − k2 sinβ2
(17)

|kd| = |uoa3|
Uim

= |−−→OC| =
√

|−−→OB|2 + |−−→BC|2

=

√(
k0 +

k2 cosβ

2

)2

+

(
k2 sinβ

2

)2

=

√
k2

2

4
+ k0

2 + k0k2 cosβ
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Fig. 9. When k0 is a fixed value, the adjustment range of compensation voltage.

Fig. 10. Total adjustment range of compensation voltage.

=

√
k2

2

4
+ k0

2 − k0k2 sinβ2. (18)

The expression for ϕ1 and |uoa3| over the entire range can be
derived by similar deduction, as shown in (8) and (9).

By combining the value range of k0 and k2, we can further
obtain the total adjustment range of compensation voltage. Es-
tablish polar coordinates, as shown in Fig. 9. Obviously, when
k0 = 0, the adjustment range is a circle with point O as the center
and 0.5 as the radius. When k0 = 1, the adjustment range is at
point E (1, 0°). Make the tangent line of circle O through point E
and the tangent point is F, where �EOF = 60°. When 0 < k0 <
1, assuming OA = k0, as shown in Fig. 10, the adjustment range
of the compensation voltage is a circle with point A as the center
and AC as the radius. One knows that ACmax = 0.5(1−k0) and
AE= 1−k0. In the right triangle ACE, we know �ACE= 90° and
2AC = AE. One can obtain �CEA = 30° and �FEO = 30°, that
is, points F, C, and E are on the same straight line. The adjustment
range of compensation voltage for other zones can be obtained in
the same way. If Ti and To are Δ/Yn11-type connection group,
the total compensation voltage adjustment range is shown in
Fig. 10, and that of other combination methods is also shown
in it. The only difference between them is the phase difference
and the working principle of them is the same, so it will not be
discussed here. Through uoab, not only the phase angle ϕr of
uab can be adjusted to lead or lag but also the amplitude UmL of
uab can be larger or smaller than the amplitude UimL of uiab.

B. Influence of Control Parameters on Adjustment Range

Since k2 is a nonnegative number and the relationship between
k2 and k0 is shown in Fig. 5, only the influence of k0 on the
amplitude and phase of the output voltage is analyzed here.

Fig. 11. Relationship between the regulation range of |kd | and k0.

Fig. 12. Compensation voltage regulation range.

1) The relationship between the adjustable range of |kd| and
k0.

It can be seen from Fig. 9 that the extreme value points of
adjustable voltage amplitude are the two intersections of the
circle A and the line ϕ= 0° or 180°, and the adjustment range is
the circle based on point A as center and 0.5(1−k0) as the radius.
When the adjustable range does not include the origin O, we can
get {

|kd|max = k0 +
k2

2 = 1+k0

2

|kd|min = k0 − k2

2 = 1−k0

2

(
1

3
< k0 < 1

)
. (19)

If the adjustable range includes the origin O, one can obtain
|OC|min = 0. When −1 < k0 < 0, the situation is similar. Fig. 11
shows the relationship between the regulation range of |kd| and
k0.

2) The relationship between the adjustable range of ϕ1 and
k0.

When the compensation voltage phase angle takes the extreme
value and 0 < k0 < 1, the relationship between ϕ1 and k0 is
shown in Fig. 12. At this time, k2 = 1−k0, OA = k0, and 2AC =
1−k0. We can get{

ϕ1 ∈
[
− arcsin 1−k0

2k0
, arcsin 1−k0

2k0

]
, 1
3 < k0 < 1

ϕ1 ∈ [0, 2π], 0 < k0 < 1
3 .

(20)

When −1 < k0 < 0, the situation is similar to 0 < k0 < 1. The
relationship between the regulation range of ϕ1 and k0 is shown
in Fig. 13.

C. Control Strategy

1) Selection of Initial Parameters: Known from (5), the value
of k2, where k2 ≥ 0, affects the magnitude of the third harmonic
voltage in F-DPFC and it should be taken as small as possible for
the stability of grid. A reasonable parameters selection strategy is
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Fig. 13. Relationship between the regulation range of ϕ1 and k0.

Fig. 14. Compensation voltage vector synthesis under optimal control.

proposed below and the compensation voltage vector synthesis
is shown in Fig. 14.

From Fig. 8 and (15), in order to minimize the value of k2,
the vector AC should be perpendicular to the vector OA, that
is, β = 90° or −90°. From Fig. 14, the adjustment range of
compensation voltage is divided into four zones. The phase
adjustment ranges of the four zones are (0°, 90°), (90°, 180°),
(180°, 270°), and (270°, 360°), and one knows that k0 > 0 and
β = 90° in zone Ⅰ, k0 < 0 and β = 90° in zone Ⅱ, k0 < 0 and
β = −90° in zone Ⅲ, and k0 > 0 and β = −90° in zone Ⅳ.
The value of k0 and k2 can be obtained based on the expected
amplitude and phase of the output compensation voltage. The
specific process is given as follows.

Taking A-phase as an example, we assume that the input
voltage of the buck unit be uia1, where uia1 = Uim sinωt and
Uim is the amplitude of uia1. To is of Δ/Yn11-type connection
group with turn ratio No. If the reference of output compensation
voltage uoa is Uref sin(ωt +ϕref), where Uref is the amplitude of
uoa and ϕref is the phase angle of uoa leading uia1, according to
the compensation voltage vector synthesis in Fig. 14 and (10),
the value of k0 and k2 can be obtained as follows:{

k0 = NoUref√
3Uim

cos (ϕref − 30◦)

k2 = 2| NoUref√
3Uim

sin (ϕref − 30◦) |. (21)

When the compensation voltage is required to be in zone Ⅰ or
Ⅱ, let β = 90°, and when the compensation voltage is required
to be in zone Ⅲ or Ⅳ, let β = −90°.

It should be noted that the adjustment range of output compen-
sation voltage synthesized based on the above control strategy is
slightly smaller than the total compensation voltage adjustment
range analyzed previously, and the range is a rhombus formed
by connecting the four intersection points of the edge of total
adjustment range and coordinate axis. When the required output
adjustment point is outside the range, we can obtain the value

Fig. 15. Control block diagram.

range of k0, k2, and β based on the previous analysis. As this
area is small and there will be a certain margin during operation,
we will not discuss it in detail here.

2) Closed-Loop Control Strategy: The control block dia-
gram is shown in Fig. 15. By using a sampling circuit, the am-
plitude of uoa and the phase of the uoa and uia1 are obtained. In
the DSP processor, the measured signals are compared with the
reference signals, and the parameters are adjusted to synthesize
a new duty cycle signal. In the A-phase, the first arm of the
full-bridge buck ac unit is controlled by the positive and negative
polarity signal of the duty cycle da, while the second arm is
controlled by the absolute value of da and its complementary
signal. When da > 0, the switch unit S1 is always on, S3 is
always off, and the duty cycle signal of S4 is da, while the duty
cycle signal of S2 is 1−da. When da < 0, the switch unit S3 is
always on, S1 is always off, and the duty cycle signal of S2 is |da|,
while the duty cycle signal of S4 is 1−|da|. Then, the signals of
the four switch units are combined with the positive and negative
polarity signals of uia1 through a logical “OR” operation to obtain
the signals of each switching tube.

The control objects of F-DPFC are the amplitude and phase
angle of the output voltage. First, the initial values are assigned
to the parameters k0, k2, and β. During the control process,
phase closed loop is performed first, followed by an amplitude
closed loop. ϕo1, which is the phase angle of uoa leading
uia1, and Uo1, which is the amplitude of uoa, are obtained by
sampling. Then, by comparing them with reference phase angle
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ϕref and voltage amplitude Uref, the parameters k0 and k2 are
continuous adjusted to generate a new duty cycle signal. If k0 or
k2 is 0, the control process is simple because there is only one
parameter that needs to be adjusted, so this condition will not be
discussed here.

In Fig. 14, it is evident that β = 90° or −90°, and when ϕo1 is
not equal to ϕref, we can increase or decrease ϕo1 by adjusting
the values of k2 or k1 so as to make ϕo1 equal to ϕref. Once ϕo1

becomes equal to ϕref, the ratio of k2 to k0 is calculated, and
constantly adjust the values of k0 and k2 according to this ratio
to ensure that Uo1 is equal to Uref. One complete adjustment
cycle in detail is given as follows.

1) The phase closed loop: When ϕo1 > ϕref, if k0 > 0 and
β = 90°, or k0 < 0 and β = −90°, k2 decreases and |k0|
increases, and if k0 < 0 and β = 90°, or k0 > 0 and β =
−90°, k2 increases and |k0| decreases. Whenϕo1 <ϕref, if
k0 > 0 and β = 90°, or k0 < 0 and β =−90°, k2 increases
and |k0| decreases, and if k0 < 0 and β = 90°, or k0 >
0 and β = −90°, k2 decreases and |k0| increases. When
the absolute value of the difference between ϕo1 and ϕref

is maintained within a small range Δ, the ratio kr of k2
to k0 is saved at this time and the phase closed loop is
completed.

2) The amplitude closed loop: When Uo1 > Uref, if k0 > 0,
k0 decreases, and if k0 < 0, k0 increases. When Uo1 <
Uref, if k0 < 0, k0 decreases, and if k0 > 0, k0 increases.
Then, k2 is obtained based on the saved ratio kr of k2 to k0.
This is done until the amplitude closed loop is finished.

The flowchart is shown in Fig. 16. It should be noted that, in
the amplitude closed loop, in order to improve control precision,
when 0 < |kr| < 1, that is |k0| > k2, we obtain k2 by adjusting
k0, and when |kr| > 1, that is |k0| < k2, we obtain k0 by adjusting
k2. The “start” and “finish” are the beginning and end of a cycle
rather than the adjustment process.

In this article, the TMS320F2812 chip in DSP is used for
closed-loop control. After receiving the digital signal of the out-
put voltage, the main factors affecting the parameter adjustment
time are the data sampling rate, processing delay, and the running
time of the control algorithm. The TMS320F2812 is a high-
performance DSP chip with a maximum system clock frequency
of 150 MHz, capable of fast data processing and computation.
Considering that the main purpose of the experiment is to verify
the correctness of the control strategy, a fixed step size is used to
adjust the parameters, and the sampling frequency is 50 Hz. Due
to the fact that data processing and program execution time are
in the microsecond range, the parameter adjustment time can be
approximately equal to the system’s sampling period, and the
parameter adjustment time is about 20 ms.

Due to the fact that the control parameters in digital control
vary by step size, continuous changes cannot be achieved as in
analog circuits. This will inevitably bring errors and affect the
control accuracy of the system. Taking into account factors, such
as clock frequency and switching frequency, 500 points were set
for the ac component of da to be taken within one sinusoidal
period when programming, with a corresponding step size of
0.72° for parameter β2. According to (8) and (9), the phase
adjustment step size Δϕ1 and amplitude adjustment step size

Fig. 16. Closed-loop logic flowchart.

ΔUom generated by the changes in control parameters k0, k2,
and β2 are given as follows:{

Δϕ1 = ∂ϕ1

∂k0
Δk0 +

∂ϕ1

∂k2
Δk2 +

∂ϕ1

∂β2
Δβ2

ΔUom = ∂Uom

∂k0
Δk0 +

∂Uom

∂k2
Δk2 +

∂Uom

∂β2
Δβ2.

(22)

Through control strategies, taking zone Ⅰ in Fig. 14 as an
example, it can be seen that β is always 90°, where β = β2 +
90° and can get⎧⎨

⎩
ϕ1 = arctan k2

2k0

Uom = Uim

√
k0

2 +
(
k2

2

)2
.

(23)

Since the sum of k0 and k2 remains constant during the phase
closed-loop process, let k0 + k2 = a, which means k2 = a−k0,
where a is a constant and 0 ≤ a ≤ 1. Then, one can obtain

Δϕ1 =
d
(
arctan a−k0

2k0

)
dk0

Δk0 = − 2a

4k0
2 + (a− k0)

2Δk0.

(24)
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Fig. 17. Circuit simulation results. (a) DPFC. (b) F-DPFC.

In this article,Δk0 andΔk2 are set to 0.001. Since 0≤ k0 ≤ a,
when a= 1, the range of dϕ1/dk0 is [−2.5,−0.5]. Therefore, the
range of |Δϕ1| is [0.0005, 0.0025], that is [0.0286°, 0.1432°].
Similarly, when a = 0.5, the range of |Δϕ1| is [0.001, 0.005],
that is [0.0572°, 0.2863°]. When a = 0.2, the range of |Δϕ1|
is [0.0025, 0.0125], that is [0.143°, 0.716°]. From (24), it can
be seen that, as the value of a increases, where 0 ≤ a ≤ 1, the
precision of the phase-locked loop control also increases. Since
a > 0.2 in most operating conditions, setting Δk0 = 0.001 and
Δk2 = 0.001 can meet the requirement of the system’s phase
closed-loop control.

From the control strategy, it can be seen that, in the amplitude
closed-loop process, when adjusting k0, the ratio of k0 to k2
remains constant and k0 is larger than k2. Therefore, let k2 =
bk0, where 0 ≤ k0 ≤ 1, b is a constant and 0 < b < 1. Then, one
can obtain

ΔUom =

d

(
Uim

√
k0

2 + b2k0
2

4

)
dk0

Δk0 = Uim

√
1 +

b2

4
Δk0.

(25)
Therefore, the range of ΔUom is about (0.001Uim,

0.0011Uim). Similarly, when adjusting k2, the value of k2 is
larger than k0 and the range of ΔUom is same.

It can be seen that setting Δk0 and Δk2 to 0.001 can meet the
requirements of experimental accuracy.

D. Comparison of F-DPFC and DPFC

To demonstrate the superiority of F-DPFC over DPFC, a set
of circuit simulation comparative experiments was conducted.
Among them, the original power grid line voltage uiab is 540 V,
and Ti and To are of Δ/Yn11-type connection group with turn
ratio of 1. The simulation result is shown in Fig. 17. Before
0.12 s, the amplitude of the output compensation voltage uoa of
both F-DPFC and DPFC is 200 V, and the phase is leading uiab
by 60°. After 0.12 s, the amplitude of the output compensation
voltage uoa of both F-DPFC and DPFC is adjusted to 120 V,
and the phase is leading uiab by 90°. Since DPFC can only

Fig. 18. F-DPFC prototype.

TABLE II
EXPERIMENTAL SPECIFICATIONS

adjust the phase of the output compensation voltage within the
range of 0°–60° when Ti and To are of Δ/Yn11 type, it can only
change the combination of the selection switches to achieve the
above-mentioned change of uoa. This leads to the disturbance
of DPFC in Fig. 17(a) at 0.12 s, while F-DPFC can be achieved
by adjusting parameters without such disturbance, as shown in
Fig. 17(b). It can be seen that, compared with DPFC, F-DPFC
can continuously and smoothly adjust the compensation voltage
within the range of 360°, which is more conducive to the stability
of energy transmission in the power grid.

IV. EXPERIMENTAL RESULTS

In order to verify the correctness of the working principle
and the feasibility of the closed-loop control strategy, the lower
power prototype (considering the experimental purpose and
conditions), as shown in Fig. 18, is established. Ti and To are of
Δ/Yn11-type connection group. To observe the third harmonic
voltage, a small capacitor is connected in parallel at the output
of each full-bridge-type ac unit. Table II lists its specifications.

To verify that the output compensation voltage of F-DPFC can
be adjusted within a 360° range, four sets of experiments were
conducted with output compensation voltage phases within (0°,
90°), (90°, 180°), (180°, 270°), and (270°, 360°), corresponding
to zones Ⅰ, Ⅱ,Ⅲ, andⅣ, respectively. The experimental results
are as follows.
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Fig. 19. Experimental waveforms of F-DPFC in zone Ⅰwhen k0 = 0.32, k2 =
0.58, and β = 90°. (a) uia1, uoa1, and uoa2. (b) uoa2, uob2, and uoa. (c) uab,
uiab, and uob. (d) uab, ubc, and uca.

In zone Ⅰ, theoretical analysis shows that 0 < k0 < 1, 0 < k2 <
1, and β = 90°. Therefore, let parameters k0 = 0.32, k2 = 0.58,
and β = 90°, and Fig. 19 shows the experimental waveforms of
F-DPFC.

The input voltage uia1 and output voltages uoa1 (between
point E1 and point F in Fig. 3) and uoa2 (between point A3 and
point F in Fig. 3) of A-phase buck ac unit in F-DPFC are shown in
Fig. 19(a). Among them, uia1 is modulated by the A-phase buck
ac unit with a duty cycle of da. uoa1 is a high-frequency pulse
sequence, and uia1 is its amplitude envelope curve. Most of the
high-frequency components of uoa1 are filtered by Lfa to obtain

Fig. 20. Fast Fourier transform (FFT) analysis of uoa when k0 = 0.32, k2 =
0.58, and β = 90°.

uoa2. uoa2 has not only the fundamental voltage component but
also the third harmonic voltage component and a small number
of high-frequency components.

The experimental waveforms of voltages uoa2 and uob2, which
include the third harmonic components and fundamental com-
ponents, and the voltage uoa, the compensated output voltage of
A-phase, are shown in Fig. 19(b). The phase difference between
uoa2 and uob2 is 120°, where the third harmonic component
is the same and the fundamental component phase difference
is 120°. Therefore, by offsetting the third harmonic, the output
compensation voltage uoa can be obtained, where uoa =No(uoa2
− uob2).

The experimental waveforms of the original grid line volt-
age uiab, B-phase output compensation voltage uob, and the
regulated grid line voltage uab are shown in Fig. 19(c). One
knows that uab = uiab + uoa − uob. With the help of Code
Composer Studio Software and DSP simulator, it is easy to
observe variables. As can be measured from Fig. 19(c), uob lags
the uiab by 48.1°. We can get that uoa leads the uia1 by 71.9°,
as uoa leading uob by 120°, and uia1 and uiab having the same
phase. The amplitude of uia1 is 99.3 V, while the amplitude of
uoa is 43.8 V, which is 0.440 times that of uia1. The calculated
values should be 72.2° and 0.432. uab leads uiab by 9.6°, with
an amplitude of 270.6 V. The measured value is close to the
calculated value of 9.01° and 273.8 V. We can see that under the
open-loop control, the difference between the measured value
and the calculated value is very small.

The experimental waveforms of regulated grid line voltages
uab, ubc, and uca, where uab = uiab + uoa−uob, ubc = uibc +
uob−uoc, and uca= uica+ uoc−uoa, are shown in Fig. 19(d), and
the amplitude of uab, ubc, and uca is 270.6 V. uiab is compensated
by uoa and uob to obtain uab. uab and uiab have different phases
and amplitudes. uab, ubc, and uca have a phase difference of 120°
and are positive-sequence symmetric. In general, the original
grid line voltages uiab, uibc, and uica are symmetrical, which
obviously mean that compensation phase voltages uoa, uob, and
uoc must be symmetrical. Fig. 20 shows the voltage uoa range
for the first 20 harmonics when k0 = 0.32, k2 = 0.58, and β =
90°, and the THD of uoa is 3.47%.

The experimental waveforms of regulated grid line voltages
uab, ubc, and uca, where uab = uiab + uoa−uob, ubc = uibc +
uob−uoc, and uca= uica+ uoc−uoa, are shown in Fig. 19(d), and
the amplitude of uab, ubc, and uca is 270.6 V. uiab is compensated
by uoa and uob to obtain uab. uab and uiab have different phases
and amplitudes. uab, ubc, and uca have a phase difference of 120°
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Fig. 21. Experimental waveforms of F-DPFC in zone Ⅱ when k0 = −0.33,
k2 = 0.50, and β = 90°.

Fig. 22. FFT analysis of uoa when k0 = −0.33, k2 = 0.50, and β = 90°.

and are positive-sequence symmetric. In general, the original
grid line voltages uiab, uibc, and uica are symmetrical, which
obviously mean that compensation phase voltages uoa, uob, and
uoc must be symmetrical. Fig. 20 shows the voltage uoa range
for the first 20 harmonics when k0 = 0.32, k2 = 0.58, and β =
90°, and the THD of uoa is 3.47%.

In zone Ⅱ, theoretical analysis shows that −1 < k0 < 0, 0 <
k2 < 1, and β = 90°. Therefore, let parameters k0 = −0.33,
k2 = 0.50, and β = 90°, and the experimental waveforms of
uia1, uoa2, and uoa are shown in Fig. 21. The uoa leads uia1
by 173.8° and the amplitudes of uia1 and uoa are 94.9 V and
39.7 V, respectively. The calculated values of uoa are 172.9° and
39.2 V, which are basically the same as the measured values.
Fig. 22 shows the voltage range uoa for the first 20 harmonics
when k0 = −0.33, k2 = 0.50, and β = 90°, and the THD of uoa
is 4.06%.

In zone Ⅲ, theoretical analysis shows that −1 < k0 < 0, 0 <
k2 < 1, and β = −90°. Therefore, let parameters k0 = −0.36,
k2 = 0.58, and β = −90°, and the experimental waveforms of
uia1, uoa2, and uoa are shown in Fig. 23. The uoa lags uia1 by
112.5° and the amplitudes of uia1 and uoa are 99.3 V and 46.8 V,
respectively. The calculated values of uoa are 111.1° and 45.9 V,
which are basically the same as the measured values. Fig. 24
shows the voltage range uoa for the first 20 harmonics when
k0 = −0.36, k2 = 0.58, and β = −90°, and the THD of uoa is
4.01%.

In zone Ⅳ, theoretical analysis shows that 0 < k0 < 1, 0 <
k2 < 1, and β = −90°. Therefore, let parameters k0 = 0.21,
k2 = 0.58, and β = −90°, and the experimental waveforms of
uia1, uoa2, and uoa are shown in Fig. 25. The uoa lags uia1 by
24.8° and the amplitudes of uia1 and uoa are 96.9 V and 34.7 V,
respectively. The calculated values of uoa are 24.1° and 35.8 V,

Fig. 23. Experimental waveforms of F-DPFC in zone Ⅲ when k0 = −0.36,
k2 = 0.58, and β = −90°.

Fig. 24. FFT analysis of uoa when k0 = −0.36, k2 = 0.58, and β = −90°.

Fig. 25. Experimental waveforms of F-DPFC in zone Ⅳ when k0 = 0.21,
k2 = 0.58, and β = −90°.

Fig. 26. FFT analysis of uoa when k0 = 0.21, k2 = 0.58, and β = −90°.

which are basically the same as the measured values. Fig. 26
shows the voltage range uoa for the first 20 harmonics when
k0 = 0.21, k2 = 0.58, and β = −90°, and the THD of uoa is
4.46%.

On the basis of the above experiments, another four groups
of experiments were carried out. The experimental results are
shown in Table III, where ϕ1 represents the phase angle of uoa
leading uia1 and ka represents the ratio of the amplitude of uoa to
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TABLE III
EXPERIMENTAL RESULTS

Fig. 27. Experimental results and calculated results.

uia1. In order to present the experimental results more clearly, all
eight sets of data are displayed within the compensation voltage
adjustment range, as shown in Fig. 27, and it should be noted
that the initial phase of the polar axis is 30°. It can be seen that
the error between the measured value and the calculated value
is very small.

The closed-loop control strategy of the system is verified
below. In order to stabilize the closed-loop control quickly
and reduce the oscillation caused by the excessive change of
the control parameters, the initial control parameters of the
closed-loop control should be consistent with the open-loop
control parameters under ideal conditions. In this experiment,
an autotransformer is used to change the amplitude of uia1 to
simulate the input voltage disturbance to confirm the feasibility
of the closed-loop control strategy. The experimental results are
shown in Fig. 28. Let the amplitude of uoa and the phase angle
of uoa leading uia1 be 32 V and 75°.

As shown in Fig. 28(a), F-DPFC is in a steady state within
the range of 0–2 s, the amplitude of uia1 and uoa are 49.5 V and
31.8 V, respectively. Within the range of 2–4 s, the amplitude
of uia1 is increased to 80.3 V, and the amplitude of uoa is
also increased. F-DPFC performs the closed-loop parameter
adjustment and enters steady state after 7 s, at which time
the amplitude of uoa is measured to be 31.7 V. As can be
seen from Fig. 28(b), F-DPFC can still adjust parameters to
achieve amplitude closed-loop control when the input voltage

Fig. 28. Closed-loop experimental waveform of F-DPFC. (a) uia1 and uoa.
(b) uia1 and uoa. (c) uia1 and uoa.

is reduced. In Fig. 28(c), uoa always leads uia1 by 75° during
the closed-loop regulation. Therefore, the closed-loop control
strategy is feasible.

Considering the purpose of the experiment and the existing
equipment conditions, the experiment was conducted at a low-
voltage level. If the application is to be extended to high-voltage
conditions, this can be achieved not only through modular
expansion but also by increasing the voltage withstand level
of semiconductor devices. In addition, considerations must be
given to the cooling system, electromagnetic compatibility, insu-
lation, and other designs. In addition, as the switching frequency
increases, it leads to an increase in power loss and a decrease
in efficiency. Therefore, in specific design, it is necessary to
select appropriate components based on frequency requirements
to balance power consumption and performance requirements.

It can be seen that the experimental results are basically
consistent with the theoretical analysis, which verifies the cor-
rectness and feasibility of the theory in this article.

V. CONCLUSION

In this article, a new concept called DPFC with continuous full
regulation range (F-DPFC) was proposed. F-DPFC inherits the
advantages of DPFC and UPFC and can achieve the regulation
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of active and reactive power flow in the power grid. F-DPFC sim-
plifies the structure of DPFC and achieves full range continuous
regulation. Compared with UPFC, F-DPFC has only one-stage
conversion circuit and low maintenance cost because dc energy
storage elements are not contained. The structure of F-DPFC
is simple to achieve modular expansion and enables it to oper-
ate under high-voltage and power conditions. The operational
principle and control strategy of F-DPFC were presented and
analyzed in detail, and the prototype and experimental results
verify the correctness and feasibility of the concept of F-DPFC.

REFERENCES

[1] L. Gyugyi, C. D. Schauder, S. L. Williams, T. R. Rietman, D. R. Torgerson,
and A. Edris, “The unified power flow controller: A new approach to
power transmission control,” IEEE Trans. Power Del., vol. 10, no. 2,
pp. 1085–1097, Apr. 1995.

[2] D. Zhang et al., “Research on distributed power flow controller and appli-
cation,” in Proc. 4th Int. Conf. Power Energy Technol., 2022, pp. 987–991.

[3] D. Divan and H. Johal, “Distributed FACTS—A new concept for realizing
grid power flow control,” IEEE Trans. Power Electron., vol. 22, no. 6,
pp. 2253–2260, Nov. 2007.

[4] K. K. Sen and M. Ling Sen, “Introducing the family of ‘Sen’ transformers:
A set of power flow controlling transformers,” IEEE Trans. Power Del.,
vol. 18, no. 1, pp. 149–157, Jan. 2003.

[5] T. Ding, R. Bo, Z. Bie, and X. Wang, “Optimal selection of phase shifting
transformer adjustment in optimal power flow,” IEEE Trans. Power Syst.,
vol. 32, no. 3, pp. 2464–2465, May 2017.

[6] E. Ghahremani and I. Kamwa, “Optimal placement of multiple-type
FACTS devices to maximize power system loadability using a generic
graphical user interface,” IEEE Trans. Power Syst., vol. 28, no. 2,
pp. 764–778, May 2013.

[7] B. Yuan et al., “Steady-state modeling of hybrid unified power flow
controller with additional nodes,” in Proc. Power System Green Energy
Conf., 2022, pp. 783–787.

[8] Y. Zhang, G. Lu, W. A. Khan, Y. Zhang, and Q. Zhu, “Direct power flow
controller—A new concept in power transmission,” IEEE Trans. Power
Electron., vol. 35, no. 2, pp. 2067–2076, Feb. 2020.

[9] M. Ja’fari and S. Afsharnia, “Voltage stability enhancement in contingency
conditions using shunt FACTS devices,” in Proc. Int. Conf. “Comput.
Tool”, 2007, pp. 1660–1665.

[10] C. Roy, D. Chatterjee, and T. Bhattacharya, “Control of a hybrid shunt
FACTS compensator for voltage collapse prevention in interconnected
EHV power transmission systems,” IEEE J. Emerg. Sel. Topics Ind.
Electron., vol. 4, no. 2, pp. 538–548, Apr. 2023.

[11] Y. Wan, “Extended SVC modeling for frequency regulation,” IEEE Trans.
Power Del., vol. 36, no. 1, pp. 484–487, Feb. 2021.

[12] L. Wang, C.-S. Lam, and M.-C. Wong, “Multifunctional hybrid structure
of SVC and capacitive grid-connected inverter (SVC//CGCI) for active
power injection and nonactive power compensation,” IEEE Trans. Ind.
Electron., vol. 66, no. 3, pp. 1660–1670, Mar. 2019.

[13] R. K. Varma and R. Salehi, “SSR mitigation with a new control of PV
solar farm as STATCOM (PV-STATCOM),” IEEE Trans. Sustain. Energy,
vol. 8, no. 4, pp. 1473–1483, Oct. 2017.

[14] A. M. Saif, C. Cecati, and C. Buccella, “Ripple voltage mitigation for
multilevel SSBC STATCOM,” in Proc. IEEE 9th Int. Power Electron.
Motion Control Conf., 2020, pp. 1670–1675.

[15] C. Gong, W.-K. Sou, and C.-S. Lam, “Reinforcement learning based slid-
ing mode control for a hybrid-STATCOM,” IEEE Trans. Power Electron.,
vol. 38, no. 6, pp. 6795–6800, Jun. 2023.

[16] R. Martínez-Parrales, C. R. Fuerte-Esquivel, B. A. Alcaide-Moreno, and E.
Acha, “A VSC-based model for power flow assessment of multi-terminal
VSC-HVDC transmission systems,” J. Modern Power Syst. Clean Energy,
vol. 9, no. 6, pp. 1363–1374, Nov. 2021.

[17] L. Wang and Q.-S. Vo, “Power flow control and stability improvement of
connecting an offshore wind farm to a one-machine infinite-bus system
using a static synchronous series compensator,” IEEE Trans. Sustain.
Energy, vol. 4, no. 2, pp. 358–369, Apr. 2013.

[18] X. Zhang et al., “Optimal allocation of series FACTS devices under high
penetration of wind power within a market environment,” IEEE Trans.
Power Syst., vol. 33, no. 6, pp. 6206–6217, Nov. 2018.

[19] K. K. Sen, “SSSC-static synchronous series compensator: Theory, model-
ing, and application,” IEEE Trans. Power Del., vol. 13, no. 1, pp. 241–246,
Jan. 1998.

[20] H. V. G. Rao, N. Prabhu, and R. C. Mala, “Adaptive distance protection for
transmission lines incorporating SSSC with energy storage device,” IEEE
Access, vol. 8, pp. 156017–156026, 2020.

[21] P. Jena and A. K. Pradhan, “Directional relaying in the presence of a
thyristor-controlled series capacitor,” IEEE Trans. Power Del., vol. 28,
no. 2, pp. 628–636, Apr. 2013.

[22] F. D. de Jesus, E. H. Watanabe, L. F. W. de Souza, and J. E. R. Alves,
“SSR and power oscillation damping using gate-controlled series capac-
itors (GCSC),” IEEE Trans. Power Del., vol. 22, no. 3, pp. 1806–1812,
Jul. 2007.

[23] S. Yang, Y. Liu, X. Wang, D. Gunasekaran, U. Karki, and F. Z. Peng,
“Modulation and control of transformerless UPFC,” IEEE Trans. Power
Electron., vol. 31, no. 2, pp. 1050–1063, Feb. 2016.

[24] Y. Liu, S. Yang, X. Wang, D. Gunasekaran, U. Karki, and F. Z. Peng, “Ap-
plication of transformer-less UPFC for interconnecting two synchronous
AC grids with large phase difference,” IEEE Trans. Power Electron.,
vol. 31, no. 9, pp. 6092–6103, Sep. 2016.

[25] L. Liu, P. Zhu, Y. Kang, and J. Chen, “Power-flow control performance
analysis of a unified power-flow controller in a novel control scheme,”
IEEE Trans. Power Del., vol. 22, no. 3, pp. 1613–1619, Jul. 2007.

[26] B. Chen, W. Fei, C. Tian, and J. Yuan, “Research on an improved hybrid
unified power flow controller,” IEEE Trans. Ind. Appl., vol. 54, no. 6,
pp. 5649–5660, Nov./Dec. 2018.

[27] Y. Zhang, S. Guan, and Y. Zhang, “Single-stage AC–AC converter with
controllable phase and amplitude,” IEEE Trans. Power Electron., vol. 34,
no. 7, pp. 6991–7000, Jul. 2019.

[28] D. M. Divan and J. Sastry, “Voltage synthesis using dual virtual quadrature
sources—A new concept in AC power conversion,” IEEE Trans. Power
Electron., vol. 23, no. 6, pp. 3004–3013, Nov. 2008.

[29] Y. Zhang and X. Ruan, “AC–AC converter with controllable phase and
amplitude,” IEEE Trans. Power Electron., vol. 29, no. 11, pp. 6235–6244,
Nov. 2014.

[30] Y. Zhang and X. Ruan, “Three-phase AC–AC converter with control-
lable phase and amplitude,” IEEE Trans. Ind. Electron., vol. 62, no. 9,
pp. 5689–5699, Sep. 2015.

[31] Y. Liu and F. Z. Peng, “A modular multilevel converter with self-voltage
balancing—Part II: Y-matrix modulation,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 8, no. 2, pp. 1126–1133, Jun. 2020.

[32] D. Karwatzki and A. Mertens, “Generalized control approach for a class of
modular multilevel converter topologies,” IEEE Trans. Power Electron.,
vol. 33, no. 4, pp. 2888–2900, Apr. 2018.

[33] P. Hu, R. Teodorescu, S. Wang, S. Li, and J. M. Guerrero, “A currentless
sorting and selection-based capacitor-voltage-balancing method for mod-
ular multilevel converters,” IEEE Trans. Power Electron., vol. 34, no. 2,
pp. 1022–1025, Feb. 2019.

Chong Yao was born in Xuzhou, Jiangsu Province,
China, in 1999. He received the bachelor’s degree in
automation from the Yancheng Institute of Technol-
ogy, Yancheng, China, in 2021. He is currently work-
ing toward the master’s degree in control engineering
with Soochow University, Suzhou, China.

His main research interests include power electron-
ics conversion technology, especially ac/ac converters
for power flow control.

Youjun Zhang was born in Huangshan, Anhui
Province, China, in 1970. He received the B.S. de-
gree from Southwest Jiaotong University, Chengdu,
China, in 1992, and the M.S. and Ph.D. degrees from
the Nanjing University of Aeronautics and Astronau-
tics, Nanjing, China, in 2002 and 2014, respectively,
all in electrical engineering.

In 2004, he joined the School of Mechanical and
Electrical Engineering, Soochow University, where
he became a Professor in 2018. His main research
interests include ac/ac converters for power flow con-

trol, multilevel converters, and dc/ac converters.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


