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Abstract—Most of FACTS devices and grid connected con- single-phase floating converters, it is used as a study case.
verters need the information about the frequency and phase The DPFC is derived from the UPFC and has the same

of the grid for synchronization and control. In some cases, the anapility of simultaneously adjusting all the parametefs
value to be measured that is used as synchronization signal is

at remote bus or at a different voltage potential, which would the power sys_tem. line |m.pe.dance, transmission angle, m'd b
require expensive high voltage measurements or high bandwidth Voltage magnitude [4]. Within the DPFC, the common dc link
communication. A new synchronization method for single-phase between the shunt and series converters is eliminated,hwhic
floating convertert is presented, which neither requires high provides flexibility for independent placement of seriesl an

voltage measurements nor high bandwidth communication. The ; e
method is applied to a new FACTS device - Distributed Power shunt converter, see Fig.2. The DPFC uses the transmission

Flow Controller (DPFC) which is derived from the UPFC. Within line to ?XChange active power between converters at the 3rd
the DPFC, multiple single-phase converters are distributed along harmonic frequency [3]. Instead of one large three-phase
the transmission line instead of one big 3-phase converter. The converter, the DPFC employs multiple single-phase coexgrt
principle of this method is to use the line current as the rotation (D-FACTS concept [5]) as the series compensator.

reference frame which enables the series converter to read the

phase and frequency information locally. In this case, only the 2
signals in dc quantity are communicated, and the system stability
during communication failure is greatly improved.
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I ndex Terms—Synchronization, power converters, phase locked
loops, load flow control, FACTS, power quality.

I. INTRODUCTION
. Fig. 2. Distributed power flow controller
In recent decade, the number of grid connected converters

increases greatly because of distributed generationtrielec  For the DPFC control, the series converters, which are
marketing, etc [1], [2]. Since there is no mechanical rotati floating with respect no ground, need the line-to-line \ggta

in these active converters, it is the most important issue fgf the line. This measured line-to-line voltage is used to
grid connected converters to capture the frequency andphagnchronize the converter with the network. This voltage is
information from the grid and generate the rotation vifpal important for the DPFC, because it is the base of the rotation
for synchronlzatllon. FACTS device is a part of grid connéctgeference frame of the vector control [6], which provides th
converter and aimed to cgntrol the parameters of networks.f}equency and phase information. To achieve phase voltage
some cases, FACTS devices are controlled remotely, and figrmation, high voltage measurements could be used for
synchronlz_atlo_n signal is tra_nsferred through commuracal  every converter, however this is costly, since the number of
as shown in Fig.1. As there is delay of the sync signal ransigaries converters is large and the converters are distdbut
and the delays may be different between each FACTS deviggyng the transmission line. The voltage can also be mea-
it causes a problem to synchronize the FACTS devices.  gyred at the substation, and together with the control Egna

remote] transmitted to the series converters through communitsitio

[ [ 7 bus |1 Because the transmitted information concerns ac quasytitie
FACTS 1 FACTS 2 syne high bandwidth communlcgtlon would be needed. With this
signal method, the converters will lose synchronization, when the
f delay 2 ? delay 1 I

communication has a failure. Therefore, it is important il fi

Fig. 1. Synchronizing FACTS devices by remote control; thiayke may a new synchronization method ,WhICh ,does nO'F reguwe hllgh

cause synchronization error voltage measurement and provide a higher reliability dyrin
communication failure.

The synchronization of single-phase floating converters isThis paper presents a new method, which particularly solves
studied in this paper, because it is difficult to get the linghe problem to synchronize the single-phase floating coewer
to-line voltage information locally, which is used for gridwith the power system, which does not require high voltage
synchronization. As the Distributed Power Flow Controllemeasurement or high bandwidth communication. The new
(DPFC) recently presented in [3] contains a large number ofethod is based on the dg-transformation, and sending dc
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guantities instead of ac quantities. where[Vs’e’dq] [Vse.dq] are the series voltage i, andv; ro-

tation reference frame respectively, aff¥,(0;..)] [Tuq (6., )]
[I. PRINCIPLE OF THENEW SYNCHRONIZATION METHOD  are corresponding Park Transformation matrix. The phaisor d

The principle of the new synchronization method for th@dram of the rotation reference frame conversion is ilatett

single-phase floating converter is to use the line current iBsFig.4.
the sync-signal and remotely control floating converters by

. . . . . . q_V.
transferring control signal in dc quantity, see in Fig.3. ° /9t
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Fig. 3. Block diagram with the new synchronization method

To eliminate the high voltage measurement of the singléig- 4. Phasor diagram of the rotation reference frame ceromer

phase floating converter, the converters should be remote_l_h lew b h | q )
controlled. As in a station or substation all the informatio € anglep between the voltage, and currenti,. can

of the system is available, the controller for the floating® measurke)d at _the stat.|0n, accordingly the rotation retere
converters can be placed there and generates controlsignal ame can be written as:

the floating converters without extra cost. These contgrials o4 = Vseacosp + Vie gsingp
are transmitted to the converters remotely through powner i V;/e,q = —Vieqsing + Vie g cos @)

communication or wireless communication. In this case, the
control signals generated by the controllers are ac qumsitit
therefore a high bandwidth communication is required. Be- Concerning the communication, this synchronization
cause of the delay and disturbance of the communicatios, ityethod is greatly increased the reliability of the system.
difficult to ensure that all the floating converters receiveel A buffer can be used to store the received data. During
ac control signals correctly. communication failures, the last received information can

To minimize the effect of the communication delay an@e used, together with the phase and frequency information
disturbance, the communicated ac quantities are transtbrndom the line current, the floating converter will still keep
into dc quantities by the Park Transformation [7]. To avoid ¢Synchronization.
ac quantity communication, the line current is used as the
rotation reference frame, instead of the line-to-line agé
which is used in common. The line current can be easin'” the conventional method, it is instantaneous to trans-
captured by the series converter locally without extra.cbise  form the dg-components intabc-frame. Comparing with the
Single-phase Phase Lock Loop (PLL) [8], [9] is employed igonventional method, the new met.hod requires _single—phase
each single-phase floating converter to achieve the phase BhL t0 capture the phase information from the line current.
frequency information of the grid. In this case, only te Since the PLL has delay and the line current varies during the
and ¢ information that is in dc quantity is transmitted to théidjustment of the floating converters, it is important to finel
converters. Together with the phase and frequency inféomat performance of this new method to the network. Fig.5 shows
from the line current, the signals in dc quantities can gbe simplified transmission line with the floating converteth
transformed back into ac by the inverse Park-transformatioth® néw synchronization method.

Conventionally, the reference voltage for the converters

controller v, which is generated by the controller, uses the Av >
bus voltagev, as the rotation reference frame. As in this new + Z | 4 B

I1l. ANALYSIS

VSE
method, the line current,, is used as the rotation reference O L] j» Y
frame; a rotation reference frame conversion is required in I ¢pLL\\f)
order to achieve the same control result. The objective of Voo o reforance M—’ dq2
this rotation reference frame conversion is to keep the ac > onversion v sin
voltage injected by the floating converter the same as the *
voltage generated by the controller. Consequently, thatiot Fig. 5. Simplified transmission line with the floating convemtgth the new
reference frame conversion is given by: synchronization method
!
Vie,dq) = Taq(01.)][Vse,ave] The voltage across the line v, the impedance of the

= [Tug (01, )[Taq(00.)] " [Vse.dq) (1) lineis Z = R+ jL, and the current through the line ig..



With the voltagev,. injected by the converter, the relationshifBubstituting (7) to (4), the voltage injected by the series
between the current and voltages is given by: converter can be written as:

2
Av_vse = Zise 3 se = Useyref * 14 ; 8
(3) v Usesref S0<52—&-5KP-&-K2‘> ®)

Assuming that the angle of the currentgsand the angle As shown in (8), the voltages,. and its reference have
captured by the PLL isoprz, then voltage injected by thethe same value in steady-state. However, there is a phase
series converter Is: difference between them during the transient, and theigans

Voo = vl 1Lgprr = vizzf AlopL depends on the parameters of the PLL.
= Vge,ref - LLOpLL — @ (4) IV. CASE STUDY: THE NEW SYNCHRONIZATION METHOD

UTILIZED IN THE DPFC

As shown in (4), the single-phase PLL plays a important ro!; As the DPFC employ a large number of single-phase

in this new method. In order to evaluate this new synchronizfOatlng converters as t?e series converters and the series
nverters can inject860° voltage, the DPFC is study case

tion method, the PLL should be studied first. The topology q trate thi hronizai thod
the PLL employed in the series converter is shown in Fig. 0 demonstrate this new synchronization method.

A. Introduction of the DPFC
o o Multiple individual converters cooperate together and €om

pose the DPFC, see Fig.2. The converters connected in series
to the transmission lines are the series converters. Theijnea

ject a360° controllable voltage at the fundamental frequency;
consequently they control the power flow through the linee Th
converter connected between the line and ground is the shunt
converter. The function of the shunt converter is to comatns

o ] reactive power to the grid, and to supply the active power
The principle of the PLL is to use PI controller to forc&eqyired by the series converter. In a normal UPFC, there is

the PLL rotation frame to approach the input signal. Whefyive power exchange through the DC link that connects the
the ¢ component of the PLL is zero, the PLL frame is lockedgries converter with the shunt converter.

with input signal. The single-phaslg-transformation uses the  gince there is no common dc link between the shunt and
delay method [10], because it is easy to be implanted in tBgrjes converters in the DPFC, the active power is exchanged
floating converter. Assuming the network frequeneydoes py harmonics and through the ac network. The principle is
not change, the component inside the single-phase PLL i§5ed on the definition of active power, which is the mean
given by: value of the product of voltage and current, where the veltag
and current comprise fundamental and harmonics. Since the

P Angle a—» Pl

single phase to DQ Pl Controller

Fig. 6. Topology of the employed single-phase PLL

PLL .
= t t . . .
K Sm(‘” +¢) ;OS(W —HP.PLL) integrals of all the cross-product of terms with different
+sinfw(t —T/s) + ¢l sin(wt + @prr) frequencies are zero, the time average active power can be

= sin(p — ¢prr) (5) expressed by:

oo
Consequently, the single-phase PLL can be represented by: P = Z Vil cos ¢, )

n=1

- X - wheren is the order of the harmonic frequency apg is the
g . . H angle between the current and voltage of the nth harmonic.
Equation 9 describes that active powers at different fragies
are isolated from each other and that voltage or current & on
Fig. 7. Single-phase PLL representation frequency has no influence on other frequency components.
The 3rd harmonic is chosen here to exchange the active power,

As the difference betweep and pr; is small, their pecause it can easily be filtered by/AYransformers.
subtraction is around zero. So the sinusoid function in the P

can be linearized asin x ~ z. Consequently, the open-loop
transfer-function betweep and ¢ pr;, can be written as:

B. DPFC primary control

The shunt converter injects a constant 3rd harmonic current
Gls) = (Ki n K,,) 1 _ Kitsk, (6) into the transmission line, which is intended to supplyxti
52 power for the series converters. The shunt converter dstrac
some active power from the grid at the fundamental frequency
to maintain its dc voltage. The dc voltage of the shunt
vprr  G(s) = sKp+K; ) converter is controlled by the d component of the current at
o  1+G(s) s2+sKp+K; the fundamental frequency, and the q component is utilined f

and the close-loop transfer function is:




reactive power compensation. The series converters genera
a 360° rotatable voltage at fundamental frequency, and use
the voltage at the 3rd frequency to absorb active power to
maintain their dc voltages. The block diagram of the DPFC

and its control is shown in Fig.8.
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C. Applying the new synchronization method to the DPFC
The control signals generated by the power flow control
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Fig. 10. The DPFC simulation circuit

To test the transient of the new method, the step response is
demonstrated. A step change of the reference for the voltage
injected by the series converter is made at the moment te2s. T
have a clear view, the voltages in ac quantity are transfdrme
into dg-frame by the Park Transformation, and their rotatio
reference frame is; . The injected voltage by using the new
synchronization method in dg-formation is shown in Fig.11.

0.4 1 4

03[ / 1

block at the shunt converter are transferred to every series 02 '
converter. By using the conventional method, the control
signals in ac quantity are transmitted. As the series coenger W : e ®%
are distributed along the line, the distances between eaiss ‘
converter and the shunt converter are different. Thergtbee ol |
communication delays for every series converter is unique,
which leads to the difficulty of the series converters syoehr I /! |
nization.

By applying the new synchronization method to the DPFC,a s 19 : zflTime 2 e
rotation reference conversion block is added behind theespow
flow control and each series converter is equipped with singFig. 11. Comparison between the step responses of the cenveth and
phase PLL, see in Fig.9. In this case, the series converféhout reference conversion
gets the synchronization signal locally, and the commuiuina
delay will not lead to any synchronization problem.

—— Vd without reference conversion
— — — Vd with reference conversion
T T T

Va (pu)

—— Vq without reference conversionq
— — —Vq with reference conversion
T T T

As shown, with or without the reference conversion, the
series voltages have the same value in steady-state. Bg usin
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the line current as the rotation reference frame, there is a
delay between the reference signal and real voltage imjecte
by the converter. This delay depends on the performance of
the single-phase PLL, and around 0.1s in this simulation.

To demonstrate the improvement of the system reliabil-
ity during the commutation failure, a large noise shown in
Fig.12(a) is added between 2s to 3s. The power flow through

I
reference |Iyp
|1 Visea
conversion
Vseq

************* L the line and the dc voltage of the series converter are shown
in Fig.12(b) & 12(c).

Fig. 9. DPFC block diagram with the new synchronization métho

V. SIMULATION OF THE DPFCWITH THE NEW
SYNCHRONIZATION METHOD

Communication noise

The new synchronization method has been simulated i
Matlab, Simulink. The system shown in Fig.10 is used as |
test example. The magnitudes of the voltages at grid is 1pi
andwv, leadswv, 30°. The transmission line is represented by a
0.5pu inductor, and the resistance is neglected. To eeatbat  As shown, in the normal operation, the conventional and
new synchronization method, two cases are simulated. Cghe new synchronization method have the same control sesult
1: testing the transient behavior of the new method; caseDuring the communication failure, by using the conventlona
demonstrate the reliability during the communicationuigél  synchronization method, the system totally loses the Igiabi

(a) The communication noise
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(c) The DC voltage the series converter for both methods

Fig. 12. Comparison of the synchronization method during thveraunica-

tion failure

While by using the new method, the series converters do n
lose the synchronization with grid, and the dc capacitotags
is well maintained. After the failure, the system recoversim

faster by using the new method.

VI. CONCLUSION
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This paper presented a new synchronization method, which
can be used for single-phase floating converters which &ile gr

connected. This method is based ondhdransformation. The
line current is used as the rotation reference frame, ang or
the dg component, which is in dc quantity, is transmitted. By
using this method, there is no requirement for high voltagh
measurement at each converters. Low bandwidth commur = &
cation is employed in this method, since only dc signalf
are communicated. The system reliability is greatly insesh |
during communication failures, because the converter eap k #il
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