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Direct Power Flow Controller—A New Concept 1n
Power Transmission

Youjun Zhang

Abstract—For power transmission in grid, a new concept of di-
rect power flow controller (DPFC) was proposed based on single-
stage ac—-ac converter with controllable phase and amplitude. By
connecting its regulated output compensation voltage with grid in
series, DPFC is able to regulate the amplitude and phase angle
of grid node voltage, and thus can effectively control active and
reactive power flow in grid, respectively and simultaneously. Com-
pared with unified power flow controller (UPFC), DPFC also has
a parallel transformer and a series transformer but has no dc en-
ergy storage element that easily leads to high equipment failure
rate. Furthermore, UPFC is similar to two-stage conversion circuit,
while DPFC has only one-stage conversion circuit, which consists
of three single-phase buck-type ac units and a three-phase output
filter. With respect to the input voltage of DPFC basic circuit, the
phase regulation range of its output compensation voltage is 60°,
which is easy to extend to 360° with two selection switches chang-
ing the connection groups of the input and output transformer.
The topology structure and operational principle of DPFC were
presented, and the experimental results of a prototype showed its
feasibility and verified the theoretical analysis of DPFC.

Index Terms—AC-AC converter with controllable phase and
amplitude (ACCPA), compensation voltage, direct power flow con-
troller (DPFC), grid voltage, phase regulation, power transmission.

1. INTRODUCTION

LEXIBLE ac transmission system (FACTS) technol-
Fogy has been widely applied in power grid, such as
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improving the power transmission ability and the stability of
power system and increasing the effectiveness of power flow
control [1]-[4].

Usually shunt FACTS devices are employed to compensate
the reactive power in grid and prevent grid voltage from drop-
ping [5], [6], which are in essence var loads or var sources
and cannot control the current in individual branches and the
active power flow in meshed systems effectively. Static syn-
chronous compensator (STATCOM) [7]-[11] and static var com-
pensator [12]-[15] are two kinds of widely used shunt FACTS
devices.

Gate turn-OFF thyristor-controlled series capacitor [16],
thyristor-controlled series capacitor [17]-[20], and static syn-
chronous series compensator (SSSC) [21]-[26] are series
FACTS devices and often connected in series with power trans-
mission line. Series FACTS devices are equivalent to regulating
the line impedance in grid and then controlling the line current
and active power flow, but they are not able to control active and
reactive power flow independently and simultaneously [1].

Unified power flow controller (UPFC) [27]-[33], shown in
Fig. 1, is similar to the combination of a series SSSC and a shunt
STATCOM, and can realize functions of shunt compensation,
phase shifting, and series compensation, and control active and
reactive power flow, respectively.

UPFC, STATCOM, and SSSC all contain big volume dc en-
ergy storage element, which usually results in high equipment
failure rate, short life cycle, and high maintenance cost. In order
to obtain a kind of device without dc energy storage element, the
concept of virtual quadrature source was adopted [5]; a method
for power flow control, i.e., ac—ac converter with controllable
phase and amplitude (ACCPA), was presented [1], [34]-[36],
which not only has the functions of voltage step-up and step-
down, but also can regulate the phase angle of the output voltage
lead or lag with respect to the input.

Both cascaded ACCPA [34], [35] and ™ model ACCPA [36]
have a two-stage circuit structure, whose front stage is a buck-
type ac converter (or unit) and is used to regulate the phase
angle of its output voltage, and whose back stage is a boost-type
ac converter (or unit) for regulating the amplitude of its output
voltage with the front stage. The back stage only provides the
function of voltage step-up for cascaded ACCPA and 7 model
ACCPA. Prior to the use of two-stage ACCPA for power trans-
mission in high-voltage grid, the problem of high-voltage stress
should be solved first because power switches at present can only
support limited voltage (much lower than that of high-voltage
grid), even if multilevel ac converter [37] replaces two-level ac
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converter in ACCPA. Taking into consideration the aforemen-
tioned problem, single-stage ACCPA [1] was developed, which
introduces an output transformer to provide the function of volt-
age step-up and take the place of the boost-type ac converter (or
unit) in two-stage ACCPA. Compared with two-stage ACCPA,
single-stage ACCPA not only decreases the number of switch-
ing devices in circuit and reduces the complexity of system, but
also decreases the number of power conversion stages (it usually
means lower power loss and higher efficiency).

It is known that, if the phase and amplitude of the sending-end
voltage in grid can be regulated, the effective control of active
power flow and reactive power flow would be implemented [6].
For power transmission in grid, based on single-stage ACCPA,
the concept of direct power flow controller (DPFC) was pro-
posed, as shown in Fig. 2. DPFC does not contain dc energy
storage element and has only one-stage conversion circuit. By
connecting its regulated output compensation voltage with grid
in series, DPFC is able to regulate the amplitude and phase an-
gle of grid node voltage, respectively and simultaneously. The
phase regulation range of output compensation voltage in DPFC
is 360°. So, with respect to the original grid voltage, the regu-
lated grid voltage can be controlled by DPFC to be step-up or
step-down for its amplitude, and lead or lag for its phase an-
gle. Thus, DPFC can effectively control active power flow and
reactive power flow in grid separately. The topology structure
and operational principle of DPFC were studied in detail. The
regulation range of phase angle and amplitude of DPFC basic

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 2, FEBRUARY 2020

grid &) arid
bt tay
@ they

&
€
Uipe
Uibel Phase B Ly, @o—
] e
' _f'YY\—l_( 2 g_c
© Phase C Ly (@] @)

Fig. 3. Basic topology structure of DPFC.

circuit was described under 36 different combinations of connec-
tion groups of the input and output transformer. Experimental
results of the prototype were shown to verify the feasibility of
DPFC.

II. DIRECT POWER FLOW CONTROLLER
A. Topology Structure and Operational Principle

UPFC and the proposed DPFC are both for power flow con-
trol. Compared with UPFC, the proposed DPFC also has a par-
allel transformer and a series transformer, but has no dc energy
storage element that easily leads to high equipment failure rate,
short life cycle, and high maintenance cost. Furthermore, UPFC
is similar to a two-stage conversion circuit, while DPFC has only
one-stage conversion circuit. Usually, decreasing the number of
power conversion stages is an effective method to achieve sim-
pler structure, a smaller number of switching devices in circuit,
higher stability, lower power loss, and higher efficiency.

Fig. 3 shows one of the DPFC basic circuits, whose three-
phase input transformer 7; (or transformer group) is paralleled
with grid, while the output voltage of three-phase output trans-
former 75, (or transformer group) is connected with grid in series.
Three single-phase buck-type ac units and a three-phase output
filter constitute its one-stage conversion circuit.

Assume that

1) original grid voltage is sinusoidal with angular frequency
w (=27f, where fis its frequency);

2) circuit components are ideal;

3) asshowninFig. 4,7} is of A/Ynl1-type connection group
with turn ratio NV;, and T, is of A/Y1-type connection
group with turn ratio N, (note that points A5, BS, and C5
are not connected together, and the three secondary wind-
ings of T, are separately connected with power transmis-
sion line in series);

4) low-frequency voltage drop across the inductor L, (x =
a, b, c, where x is the name of phase in lowercase letter)
is not taken into account.
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If the original grid line voltages wiap, Uibc, Uica and the duty
ratio dy are as below

Uiab = NiUia1 = Ui Sin wt
Uibe = Nitip1 = UinL sin(wt — 120°) (1)
Uica — Niuicl = UimL sin(wt —+ 1200)

do = ko + ko sin(2wt + 2)
dy, = ko + ko sin[2(wt — 120°) + 55]

= ko + ko sin(2wt + Bo + 120°) )
de = ko + ko sin[2(wt + 120°) + Bo]

= ko + ka sin(2wt + B2 — 120°)

where u;41, U;p1,and u;.1 are the input voltages of three single-
phase buck-type ac units, Uy, is the amplitude of wi,p, B2
is the initial phase angle of the ac component of d, [5], and
coefficients ko and ko are nonnegative, one knows that ko < ko
at0 < kg < 0.5,0rky <1 — kgat0.5 < kg < 1.

Delta (A)-type connection is adopted for capacitors of the
three-phase output filter to cancel out the third harmonic volt-
ages. After Ly, filters out the high-frequency component of w2
(output voltage of buck-type ac unit), the phase voltage w3 (be-
tween points X3 and E, not shown in Fig. 3, X = A, B, C, where
X is the name of phase in uppercase letter) is output, then one
can obtain the voltages Uoap3, Uobes, Uoca3, Uoas Uobs ANA Uge

[1]

Uoab3 = Uoa3 — Uob3 = dallial — dpUibl
= UpLs sin (wt + @)

Uobed = Uob3 — Uoc3 = AbUibl — dclict 3)
= Uprs sin (wt + ¢y — 120°)

Uocad = Uocd — Uoas = dcllict — dallial
= U3 sin (wt + @ + 120°)

Upn = U]’{,—:?’ sin (wt 4 ¢y — 60°)

Uob = Ui sin (wt + ¢y, — 180°) )

Uge = LK;L?’ sin (wt + g + 60°)
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2
k Ulm k . 1(k
ULs = fo L\/l_kgsmﬁ2+(kz)

— (k [ko) cos B: °
(¢ = arctan 2_(22/%% +30

(&)

where U,,, 3 is the amplitude of u,qp3 With phase angle ;. In
positive sequence, a phase difference of 120° is present among
Uoab3y Uobc3s and Uoca3 (OI' Uoa, Uobs and uoc)-

The regulated grid line voltages (uap, Upc, and wug,) are

Uab = Uiab T (uoa - uob) = Ujab + Uoab
= Uiab + Aap = Upr, sin (wt + ¢y)

Upe = Uibe T (uob - uoc) = Ujbc + Uobc

. NG
= Uihe + Alpe = Unt, sin (wt + ¢, — 120°)
Uca = Uica + (uoc - an) = Ujca T+ Uoca
= Ujea + Aliey = Upr, sin (wt + or + 1200)
Uoab = Alat, = Uomt, sin (wt + ¢,)
= \/gUmLS sin (wt + o — 300)
)

Aubc = ‘FU‘“Ls sin (wt + ¢y — 150°)
7‘f%:‘“ sin (wt + ¢ + 90°)

Uobe =

Uoca = AUy =

where U1, and ¢, are the amplitude and phase angle of u,y,,
and we define Ugap = Uoa — Uob = AUap, Uobe = Uoh —
Upe = AUpe, and Ugea = Uoe — Uoa = Aley. Apparently,
Uox 18 the compensation phase voltage of grid, while
Uoab (AlUab), Uobe (Athe), and Uoea (Aue,) are the compen-
sation line voltages of grid (y, is the phase angle of u,}, with
amplitude Uypn1,).
Here, o, UomL, ¢r, and Up,1, would be given as

(k‘g/k‘o)COS 62
2 — (k2/ko) sin B2

3kOUirr1L k kQ
1—
NN, \/ ko St g <k0> ©

UL sin ¢,
UimL + UomL COS Yo

o = @y — 30° = arctan ®)

UomL =

oy = arctan (10)

UmL - \/(UimL + UomL COS 500)2 + (UomL sin 300)2'
(11

From (8)—(11) we know that ¢, of the grid compensation line
voltage uoap, (Auy,p) is controlled by two parameters (ka/ko and
52), UomL is controlled by three parameters (kq, ko/kg, and (35),
and so are U1, and ;.

B. Range of the Grid Compensation Voltage

From (6), (10), and (11), one knows that the phase angle ¢, and
the amplitude U,,;, of the regulated grid voltage are dependent
on the range of grid compensation voltage.

With the change of kao/ko (letting o = ko/ko, 0 < a <
1,0 < ko < 1/(1 + a) < 1), the maximum and minimum
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Fig. 6.  Basic regulation zone I of DPFC.

of ¢, would, respectively, be

Qomin = —arcsing = o —180°, [ € (90°,180°].
(12)
The regulation range of ¢, would increase from zero (at o =
0) to [—30°, 30°] (at a = 1) with the increase of ov. Known from
(12), there would be 0 < sin 8y = 0.5a < 0.5 if ¢, is equal
to extremum. It indicates that 32 € [0°, 30°] or [150°, 180°] in
the range of 0-360°.
According to (9) and (12), one knows that

{ Pomax = arcsing = [, B2 € 10°,90°]

Uorn L 3

1
< \/1——a2 13
U, ~ 1+« 4a (13)

At extremum of (p,,, with the increase of « (ko/kg) the regula-
tion range of U | (NiNoUomL/Uim1) decreases.
Substituting (12) into (13), we have

3 . 5
0<U 1 < ————1/1—(s x 14
>~ omL —= 1 + 2 |sin (POGXt‘ (bln Poe t) ( )

where oext 1S the extremum of ¢,. As shown in Fig. 5, the
regulation range of ¢, and that of U} ; form a regulation area
[1]. Curve 1 shows the maximum of U} 1 at @omax, While curve
2 shows the maximum of UJ_; at Yomin.

According to Fig. 5, one can obtain Fig. 6, in which zone I
(O-H-F-K) is the regulation area for U,,1, and ¢, of the com-
pensation grid voltage, the same as that in Fig. 5 (note that there
is a different coordinate system). Zone I is the basic regulation
zone of DPFC. Here, with respect to the original grid voltage
Uiab, the phase angle ¢, of the regulated grid voltage u,}, can be
regulated lead or lag, but its regulated amplitude U,,1, can only
become larger than the amplitude Uy, of wi,p. If we want to
regulate Uy,1, to be smaller than Uy, it is necessary to research
on other basic regulation zones of DPFC.

0 < U, =NiN,
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III. FULL REGULATION ZONE WITH 360° RANGE

A. Different Combinations of Connection Groups of
Transformers

As shown in Figs. 5 and 6, when T; is of A/Ynl1-type con-
nection group and T3, is of A/Y 1-type connection group, the reg-
ulation range of ¢, is [-30°, 30°] and the maximum of U} is
3. Obviously, if the connection groups of 7; and T}, are changed,
the phase angle and amplitude of the compensation grid voltage
and the regulated grid voltage will be slightly changed from (8),
9), (10), and (11), respectively.

It is necessary to adopt the input connection of 7; with A
type to prevent third harmonic current from flowing into the
grid. The output connection of 7; should be Y type with neutral
line to provide input voltages for three single-phase buck-type
ac units. Similarly, A type is adopted for the capacitors of the
three-phase output filter and the input connection of 75, to cancel
out third harmonic voltage. For connecting the output voltage
of T, with grid in series, only Y type is suitable for the output
connection of T, (note that its three secondary windings are not
connected together).

Six types of connection groups (A/Ynl, A/Yn3, A/Yn5,
A/Yn7, A/Yn9, and A/Ynl1) are suitable for input transformer
T;, as shown in Fig. 7. For output transformer 75, there are also
six suitable types of connection groups (A/Y1, A/Y3, A/YS5,
A/Y7, AIY9, and A/Y11), as shown in Fig. 8. Thus, DPFC has
at least 36 different combinations of connection groups of the
input and output transformer.

Table I shows the regulation range of phase angle ,, for each
kind of combination. Totally, there are six ranges, [—30°, 30°],
[30°, 90°], [90°, 150°], [150°, 210°], [210°, 270°], and [—90°,
—30°], corresponding to zone I, zone I (O-H-L-G, as shown in
Fig. 9), zone IlII (O-G-J-P), zone IV (O-P-Q-R), zone V (O—
R-U-V), and zone VI (O—V-W-K), respectively. The maximum
of U}, of each zone is 3.

For example, if 7 is kept as of A/Yn11-type connection group
and T, is changed to A/Y9 type, the regulation area for ¢,
(comparing (16) and (8), the compensation line voltage phase
angle ¢, has increased by 120° while moving from zone I to
zone IIT) and Uy, of compensation grid voltage is in zone II1
(O-G-J-P), where it shows that

[}ab = [}iab + [}oab (15)

(ka/ko) cos B

= —30°)+ 120°= 120° t .
vo = (¥4 )+ + arctan 5 (ko) sin B
(16)

From (8) and (16), Table I, and Fig. 9, according to the number
of connection groups of 7; and 7,, one obtains a general equation
of ¢, for all the zones

$o = ¢y — 30° — (n; +n,) x 30° (17)

where n; is the number of connection groups of 73, and n, is
that of T},.
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TABLE I
REGULATION RANGE OF ¢, FOR 36 DIFFERENT COMBINATIONS

The regulation i

range of ¢,/° A/Ynll A/Yn9 A7 A/Yn5 A/Yn3 A/Ynl
AY1 [-30°, 30°] [30°, 90°] [90°, 150°] [150°, 210°] [210°, 270°] [-90°, -30°]
A/Y3 [-90°, -30°] [=30°, 30°] [30°, 90°] [90°, 150°] [150°, 210°] [210°, 270°]

To | A/Y5 [210°, 270°] [-90°, -30°] [-30°, 30°] [30°,90°] [90°, 150°] [150°, 210°]
AYT [150°, 210°] [210°, 270°] [-90°, -30°] [-30°, 30°] [30°,90°] [90°, 150°]
A/Y9 [90°, 150°] [150°, 210°] [210°, 270°] [-90°, -30°] [-30°, 30°] [30°,90°]
AY11 [30°, 90°] [90°, 150°] [150°, 210°] [210°, 270°] [-90°, -30°] [-30°, 30°]

o o

A/Yn9 A/Ynll

Fig. 7.  Six suitable connection groups for 7;.

Then, the regulation range of ¢, is

—30° — (5 + 1) x 30° < o < 30° — (n; +ne) x 30°.
(18)

B. DPFC With Full 360° Regulation Zone

Comparing Figs. 6 and 9, one knows that DPFC would have a
full 360° regulation zone for compensation line voltages (uoab,
Uohe, and Ugc,) Of grid if six basic regulation zones can be com-
bined. It means that the regulation area of voltage .y, in Fig. 9

A/Y11

AY9

Fig. 8.  Six suitable connection groups for 75,.

is six times of that in Fig. 6. So, in Fig. 9, with respect to the
original grid voltage ui,p, not only the phase angle ¢, of the
regulated grid voltage u,p, can be regulated lead or lag, but also
its regulated amplitude U,,1, can become larger or smaller than
the amplitude Ujpt, of Uiap.-

DPFC with full 360° regulation zone is shown in Fig. 10,
where two selection switches (Sg; and Sq,) are added based on
the topology structure shown in Fig. 3. Sg; has three selection
modes, while S, has two modes.
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Say, the first mode of Sg; is to connect point AQ with point
1, point BO with point 2, and point CO with point 3. The second
mode of Sg; is to connect point AO with point 2, point BO with
point 3, and point CO with point 1. The third mode of Sg; is
to connect point AO with point 3, point BO with point 1, and
point CO with point 2. The first mode of Sg, is to let uy, =
UTa, Uob = UTh, and Uee = U, Where ur,, ury, and upe are
the output phase voltages of 7;. The second mode of S, is to
let Upy = —UTa, Uoh = —UTh, ANd Uge = —UTe.

If assuming 7; is of A/Yn11-type connection group under the
first mode of Sg;j, then T; is of A/Yn7 type under the second
mode of Sg;, and of A/Yn3 type under the third mode of Sg;.
If assuming 75 is of A/Y 1-type connection group under the first
mode of Sqo, then 15 is of A/Y7 type under the second mode
of S Go-

Apparently, under different combination modes of Sg; and
Sco, compensation grid voltages can be regulated in a different
zone, as shown in Table II. There are six different combination
modes of selection switches that lead to six different zones;
thus, DPFC has full 360° regulation zone for compensation of
grid voltages.

Selection switch Sg; can also be added after the secondary
windings of input transformer 73, where Sg; has two selection
modes to change the input voltage direction of each single-phase
buck-type ac unit (for instance, if 7} is of A/Ynl1-type connec-
tion group under the first mode of Sg;, then T; is of A/YnS5 type
under the second mode of Sg;), while selection switch Sg, can

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 2, FEBRUARY 2020

TABLE II
REGULATION RANGE OF ¢, IN DPFC

Sci mode Sco mode Zone Range of ¢,
First First I [-30°, 30°]
Second First | [90°, 150°]
Third First v [210°, 270°]
First Second v [150°, 210°]
Second Second VI [-90°, -30°]
Third Second I [30°,90°]

|ut Transformer &

CONTROY,

(inside the box)
/. CIRcuT

Fig. 11. DPFC prototype.

be added in front of the primary windings of output transformer
T,, where Sq, has three selection modes to change the connec-
tion group of T, (for instance, if T, is of A/Y 1-type connection
group under the first mode of Sg,, then T, is of A/Y9 type under
the second mode of Sq,, and Ty, is of A/YS5 type under the third
mode of Sgo).

Here, Sg; has two selection modes, while S, has three
modes. According to connection group of the input and output
transformer, from Table I we know that 1) when Sg; is under
the first mode, the regulation area of DPFC is zones I, III, and
V, corresponding to the first, second, and third modes of S,
respectively; and 2) when Sg; is under the second mode, the
regulation area of DPFC is zones IV, VI, and II, corresponding
to the first, second, and third modes of Sq,, respectively.

There are other four options to place Sg; and Sge. Option 1
is that Sg; is added before the primary windings of 7; and S,
is added after the secondary windings of 7;. Option 2 is that Sg;
and Sg, are added before the primary windings of 73 and T,
respectively. Option 3 is that Sg; is added before the primary
windings of T, and Sg, is added after the secondary windings
of T,,. Option 4 is that Sg; and Sg, are added after the secondary
windings of 7 and 75, respectively.

IV. EXPERIMENTAL RESULTS

A prototype shown in Fig. 11 was manufactured, and ex-
periments were performed for different transformer connection
groups (the connection groups are changed manually; selection
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TABLE III
EXPERIMENTAL SPECIFICATIONS

specification value
amplitude of original grid line voltage: UimL 20042V
frequency of grid voltage: f S0Hz
switching frequency: fs 22.5kHz
turn ratio of the input transformer 7i: N; 200/121
turn ratio of the output transformer 7o: No 220/130
output filter inductance: Lg=Ln=Lsc 0.52 mH
output filter capacitor: Cn=Cp=Cr 6.6 uF
switch device IRFP460A
DSPIC TMS320F2812

switch will be discussed in further work) to verify the feasibility
of DPFC. Table III lists its specifications.

When T; is of A/Ynll1-type connection group while 7, is of
A/Y1 (regulation area is zone 1), kg = 0.500, ks = 0.419, and
(B2 =24.8°, Fig. 12 shows the experimental waveforms of DPFC
in zone 1.

For phase A buck-type ac unit in DPFC, its input voltage w4
and its output voltages 1,42 and u.q3 (between points A3 and
E in Fig. 3) are shown in Fig. 12(a). Here, u;,1 is modulated
by phase A buck-type ac unit with duty ratio d,, w42 is a high-
frequency pulse sequence, and u;,; is its envelope curve. After
most of the high-frequency components of w42 are filtered out
by L¢a, %oq3 18 obtained, which has not only fundamental volt-
age component, but also third harmonic voltage component and
a small amount of high-frequency components.

The experimental waveforms of .3, ueps (between points
B3 and E in Fig. 3), u,qp3 (the voltage across capacitor Cyy),
and ue, (phase A compensation voltage of grid) are shown in
Fig. 12(b). ueps, the output voltage of phase B buck-type ac
unit after the inductor Ly, is similar to u,,3 but lags it by 120°
at fundamental frequency. u,.3 (between points C3 and E in
Fig. 3, but not shown in Fig. 12(b)), the output voltage of phase
C buck-type ac unit after the inductor Ly, is also similar to w3
but leads it by 120° at fundamental frequency. We know that
Uoab3 = (Uoa3 — Uop3), Which is the voltage between points
A3 and B3, and in theory only contains fundamental voltage,
because the third harmonic voltage components in 4,3 and w3
cancel each other out, and capacitor C'f; filters off their high-
frequency voltage components. Known from Figs. 8 and 12(b),
Uoa 12gS Upaps by —60°.

The experimental waveforms of the original grid line voltage
Uiap (namely, input line voltage of DPFC), u,, uop (phase B
compensation voltage of grid, lagging w,, by 120°), and the reg-
ulated grid line voltage u,;, (Where u,p, = Uiah + Uoa — Uob)
are shown in Fig. 12(c). i}, 1S compensated by o, and ue,
to obtain w,p, which has different phase and amplitude from
Uiab. With the help of Code Composer Studio software and a
DSP emulator, it is easy to watch variables. One can measure
that in Fig. 12(c) u,p, is leading u;,p, by phase angle ¢, of 7.99°
and has an amplitude U, of 295/2 V larger than that of u;,1,
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Fig. 12.  Experimental waveforms of DPFC at zone I when kg = 0.500, ko =
0.419, and B2 = 24.8°. (a) Ujq1, Uoa2,aNd Uoa3. (b) Uoa3, Uob3, aNd Ugqp3-
(€) Ujab, Uoas Uob, and Uap. (d) Uap, Ube, and Uca.

(the measured values are almost the same as calculated values
of 8.07° and 2921/2 V, respectively). As we can see, with open-
loop control, the difference between the measured value and
the calculated value is very small. It verifies the correctness of
theoretical analysis of DPFC.

The experimental waveforms of the regulated grid line
voltages Uap, Ube (Ube = Uibe + Uob — Uoc), aNd Ucy (Uea =
Uica + Uoe — Uoa) are shown in Fig. 12(d). With a phase dif-
ference of 120°, u,p, upe, and uc, are symmetrical in posi-
tive sequence (usually the original grid line voltages wiap, Uibcs
and wu;., are symmetrical, which clearly means that the
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compensation phase voltages uqa, Uoh, and u,. must be sym-
metrical).

While kg = 0.500, ks = 0.419, B> = —24.8°, and regu-
lation area is zone I, the experimental waveforms of
Uiab, Uoas Uob, and usp are shown in Fig. 13, where u,), lags
Ui, by —8.10° and has an amplitude of 2961/2 V larger than
that of w;,p, (the measured values are almost the same as calcu-
lated values of —8.07° and 292v/2 V, respectively).

We know that, for obtaining the desired regulated grid line
voltage u,p, (or upe and uc,), the compensation line voltage
of gfld Auab (Auab = Uoab = Uoa — Uob, Aubc = Uobc =
Uolh — Uoe, ANd Aley = Upea = Uoe — Uon) Should be con-
trolled. When T; is of A/Ynl1-type connection group and 7,
is of A/Y1 type (toab, Uobe, and uoc, can be measured easily
when points AS, BS, and C5 are connected together while the
three secondary windings of the output transformer 7, are not
connected to the grid), the measurement results (the maximum
of Uz 1. and @omax OF Qomin) are shown in Fig. 14.

Curves 3 and 1 in Fig. 14 show the measured and calculated
Pomax and the maximum of U ; , respectively. While curves 4
and 2 show the measured and calculated (i, and the maximum
of U} ,.1.» respectively. The measured regulation area of the phase
angle ¢, and the amplitude U} ; of uoa1 is covered by curves 3
and 4. (The calculated regulation area of ¢, and U}, 1, is covered
by curves 1 and 2.)

While T; is of A/Yn3-type connection group and Ty, is of
A/Y7 type (regulation area is zone II), kg = 0.500, ko2 = 0.419,
and B2 = 24.8°, the experimental waveforms of the original grid
line voltage u;,p, the grid compensation phase voltages u,, and
Uob, and the regulated grid line voltage w1, are shown in Fig. 15,
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Fig. 17. Experimental waveforms of DPFC at zone IV when ko = 0.500,
ko = 0.419, and B2 = 24.8°.

where u,y, is leading uj,p, by 24.97° and has an amplitude of
2372 V larger than that of u;,}, (the measured values are al-
most the same as calculated values of 24.94° and 233v/2 V,
respectively).

While 7; is of A/Yn7-type connection group and T, is of
A/Y1 type (regulation area is zone III), kg = 0.500, ko = 0.419,
and o = 24.8°, the experimental waveforms of uiap, Uoa, Uob,
and u,p are shown in Fig. 16, where u,;, is leading u;,p, by
25.11° and has an amplitude of 1331/2 V smaller than that of
Uiap, (the calculated values are 25.06° and 131 V2V, respectively,
which are almost the same as measured values).

While 7T; is of A/Ynl1-type connection group and 7, is of
A/Y7 type (regulation area is zone IV), kg = 0.500, ko = 0.419,
and 55 = 24.8°, the experimental waveforms of a1, Uoa, Uob,
and w,p, are shown in Fig. 17, where wu,, lags uj., by
—21.19° and has an amplitude of 1144/2 V smaller than that
of wu;,p (the calculated values are —20.16° and 112v/2 V, re-
spectively, which are very close to the measured values).
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While 7; is of A/Yn3-type connection group and 7T, is of
A/Y1 type (regulation area is zone V), kg = 0.500, ko =
0.419, and [, = 24.8°, the experimental waveforms of
Uiab, Uoa, Uob, and u,p, are shown in Fig. 18, where u,, lags
Uiap, by —26.74° and has an amplitude of 225+/2 V larger than
that of w;,p, (the calculated values are —26.94° and 2224/2 V,
respectively, which are almost the same as measured values).

While 7; is of A/Yn7-type connection group and 7, is of
A/YT type (regulation area is zone VI), kg = 0.500, ko =
0419, and [y = 24.8°, the experimental waveforms of
Uiab, Uoa, Uob, and u,p are shown in Fig. 19, where u,, lags
Uiap by —11.50° and has an amplitude of 2932V larger than
that of u;,}, (the measured values are almost the same as calcu-
lated values of —11.37° and 290+/2 V, respectively).

V. CONCLUSION

For power transmission in grid, a new concept of DPFC was
proposed on the basis of single-stage ACCPA. Similar to UPFC,
DPFEC also has a parallel transformer and a series transformer
but has only one-stage conversion circuit and has no dc energy
storage element that usually results in high failure rate. By con-
necting its regulated output compensation voltage with grid in
series, DPFC is able to regulate the amplitude and phase angle of
grid node voltage, respectively and simultaneously. Thus, DPFC
can effectively control active power flow and reactive power flow
in grid separately.

The basic circuit structure of DPFC is simple, and only con-
sists of three single-phase buck-type ac units with a three-phase
output filter. With respect to the input voltage of DPFC basic
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circuit, the phase regulation width of its output voltage is 60°,
which is easy to extend to 360° with two groups of selection
switches that change the connection groups of the input trans-
former and output transformer. The experimental results of the
prototype showed its feasibility and verified the theoretical anal-
ysis of DPFC.
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