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1 | INTRODUCTION

The growth of distributed generation, energy demand and
energy storage requires continuous improvements of the con-
trollability and automation of existing medium voltage (MV)
electricity distribution networks. Such improvements are possi-
ble with the increasing use of power electronic devices capable
of controlling power flow. An acknowledged trend is to transfer
the Flexible AC Transmission Systems (FACTSs) technology to
MYV network applications [1, 2]. This is reflected by the com-
missioning of several projects which use power electronics in
MYV distribution networks, such as Angle-DC project & 27 kV,
30.5 MVA [3], Flexible Power Link project 33 kV, 20 MVA [4]
and Active Response project 11 kV, 5 MVA [5]. These projects
aim to control the power flow (e.g. transfer excess power gen-
erated by distributed generators (DGs) to other load centres),
maintain the voltages and currents within limits, improve the
utilisation of existing assets, and support the growth of low
carbon technologies [0, 7].

Typical MV power electronic devices for power flow con-
trol are similar to MV motor drive systems [8, 9]. Such systems
consist of multi-winding line-frequency transformers with mul-
tiple three-phase voltage source converters (VSCs) that are

Wenlong Ming' | Jianzhong Wu' |

A transformer-less unified power flow controller (UPFC) is a power electronic device con-
sisting of series and shunt voltage source converters (VSCs) that are not connected to a
common DC bus. It can control power flow in medium voltage (MV) distribution networks
without the need for interfacing transformers. Hence there is a significant reduction in size
and cost compared to a conventional UPFC. This paper investigates the operating range
of a transformer-less UPFC in an MV distribution network and the required power ratings
of the series and shunt converters. The results showed that a transformer-less UPFC is
able to provide active power control using partially rated converters. However, its ability to
control reactive power is limited by the current ratings of the converters. The analysis was
verified using software simulation and hardware experiment.

connected back-to-back (B2B) to a common DC link [10, 11].
The B2B configuration of VSCs processes all power transfers
(.e. fully rated converters). The main advantages of a B2B
configuration of VSCs ate: (1) Its ability to connect busbars
that might have different voltage and vector groups, and (2)
it does not significantly increase the fault level of a distri-
bution network, and it limits fault propagation [12, 13]. The
main disadvantages of B2B configuration of VSCs are the
high cost and size of the fully-rated VSCs and the interfacing
transformers.

In order to reduce the cost and the size of power electronic
devices, they can be partially rated by using series-connected
VSCs, similar to the conventional Unified Power Flow Con-
troller (UPFC) in transmission networks. Figure 1 shows a
conventional UPFC composed of partially rated series and
shunt converters connected through a common DC link [14].
The converters are interfaced to an AC network using series
and shunt interfacing transformers. In contrast to B2B VSCs
configuration, the series connection of a UPFC

offers a solution with lower rating converters and size [15].
However, a major challenge of using a conventional UPFC
is the unique design characteristics of the series interfacing
transformer desctibed in [10].
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FIGURE 2 A transformer-less unified power flow controller

The size and cost of a conventional UPFC are further
reduced in a transformer-less UPFC. The main advantage of a
transformer-less UPFC over a conventional UPFC is the com-
plete removal of interfacing transformers, reducing its size and
cost significantly [17, 18]. Figure 2 shows the structure of a
transformer-less UPFC. It has isolated series and shunt con-
verters that are not connected to a common DC bus, similar
to a STATCOM and a static series synchronous compensator
(SSSC).

The converters within a transformer-less UPFC are based on
cascaded H-bridge or half-bridge modules to meet the required
voltage and power ratings for transmission applications [19].
By reducing the number of modules, such a device can be
adapted for MV distribution networks at a low cost due to fewer
semiconductor devices.

The low X/R ratio of distribution networks makes the anal-
ysis more complex than transmission networks. In addition,
the main purpose of a transformer-less UPFC in a transmis-
sion network is to control active power and maintain reactive
power flow to a minimal. However, this putrpose might not be
suitable for distribution networks, especially with the ongoing
investigation to use distribution networks to provide a cer-
tain amount of controlled reactive power at grid side points
(GSPs) [20, 21].

In [22], the capability of using a transformer-less UPFC to
control active power in a transmission network was

tested. It was shown that the total rating of the transformer-
less UPFC was reduced to half of that of a B2B configuration
when the reactive power was maintained unchanged. In [23], a

transformer-less UPFC was investigated to increase the transfer
capability of a transmission network by connecting two separate
transmission networks with a large phase difference that could
not be previously connected.

Little research discussed transformer-less topologies of VSCs
in MV distribution networks. Transformer-less STATCOM and
SSSC were investigated to provide voltage regulation in dis-
tribution networks. A transformer-less UPFC is a hardware
combination of a STATCOM and an SSSC that can be simulta-
neously controlled to provide power flow control in distribution
networks. In [24], the performance of a 6.6 kV. 100 kVA proto-
type transformer-less STATCOM was investigated to manage
voltage in distribution networks. The results showed the abil-
ity of the transformer-less STATCOM to provide inductive
and capacitive reactive power of 100 kVAr when connected
to a 6.6 kV distribution network without an interfacing trans-
former. In [25], a transformer-less SSSC was examined to
provide voltage regulation in an 11 kV distribution network
with many DGs. The results showed that the SSSC main-
tained the network voltage within the permissible limits by
injecting a series voltage of approximately 15% of the rated
network voltage. In [26, 27] the series connection of a UPFC
was realised using single-phase series converters directly con-
nected to a distribution network without an interfacing series
transformer.

Further investigation is required to assess the ability of a
transformer-less UPFC to control both active and reactive
power in distribution networks and the size of the series and
shunt converters. This paper investigates the operation of a
transformer-less UPFC in an MV distribution network with a
low X/R ratio. It provides a detailed analysis of the operating
range of a transformer-less UPFC considering both active and
reactive power control. It also examines the magnitude of the
shunt current required to change the power flow from vatious
uncompensated active and reactive power to an arbitrary tar-
get active and reactive power. It highlights that the magnitude
of the shunt current and, therefore, the ratings of the convert-
ers are small when a transformer-less UPFC is used to control
active power. However, a transformer-less UPFC has limited
capability to control reactive power due to the current ratings of
the converters. The analysis was verified using simulation and a
small-scale experimental setup.

2 | TRANSFORMER-LESS UPFC IN AN
MYV DISTRIBUTION NETWORK

Figure 3 shows the equivalent circuit of a transformer-less
UPFC connected in a two-busbar distribution network. The
series converter is modelled as a controlled voltage source and
the shunt converter as a controlled curtent source.

The voltage and current at busbar 17 are given as:

©)
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The active and reactive power P and 0, ate given, as in (3).
- -2
7] - 7] 7]
PR = = $(6g+60) — —=—cos 6
1Z] 1Z]
Uncompensated active power
7ol -7
+———=—cos(6y)+ 6 —p)
12
FIGURE 3  Equivalent circuit of a transformer-less UPFC connected to a Controllable active power
two-busbar distribution network A 5 ©)
O, = M sin(dy + 6) — 72| sinf
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Uncompensated reactive power
1163 L D
(
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FIGURE 4  The basic principle of a transformer-less UPFC

Figure 4 shows a phasor diagram developed using the equiv-
alent circuit in Figure 3. It explains the role of the series and
shunt converters, where voltage 17, of Busbar 1 is taken as a
reference and J represents the power angle between 17, and
voltage 72 of Busbar 2.

The role of the series converter in a transformer-less UPFC
is similar to that in a conventional UPFC. It injects a con-

trollable voltage vV, =|V,l4p. This voltage is added to v,

making the resultant voltage 7,1 = |7,1 |28, whose magni-
tude and power angle are regulated to achieve the target active
and reactive power P and @, as shown by the voltage phasors
in Figure 4.

The role of the shunt converter in a transformer-less UPFC
is different from that in a conventional UPFC. The shunt con-
verter ensures zero active power exchange between both the
converters within a transformer-less UPFC and the connected
AC network (e. P, =0 and Pj, =0). To achieve thls the

shunt current / 5 18 controlled to be perpendicular to V 1 (e
—

7 o L 117 ), and it must make the series current 7  perpendicular

to V‘ (i.e. [ 1 17,,) as shown by the current phasor in Figure 4.

The dlsmbunon feeder is represented by a series impedance

= |Z]£86. The current through the disttibution feeder can be

- =
obtained as 7 = (17 | — 17,) /| Z| 4£8. Therefore, the apparent
power S, at Busbar 2 is given as in (2).

Equation (3) shows that ?M affects both 2 and 0,. However,

if the transformer-less UPFC is deactivated (i.e. Vﬂ, = 0), the

. . ’ / .
uncompensated active and reactive power £ and O, are given,
as in (4).

P/=M cos(8y + 6) — IV | cos 8
BT A
< Q)
7l 7
O, = |_’ sin(dy + 0) — | | sin 6
Z Z

\

The difference between (3) and (4) is the controllable active and
reactive power P, and (), of a transformer-less UPFC (i.e. P, =

P - Pz/ and O, = O, — Qz/), and are given as in (5).

‘72| : ‘Vxe

P =

c

|2‘ cos(@y +6 — p)
0 = 7| 7 sin( + 6 —
. 0 P)

L

g

By further simplifying (5) yields the expression of VM as given
in (0).

.

Equation (6) shows that |17 ,| is a function of |Z],
[172].

= %\/Pf +0°% p=0+6— tan‘l(%)) ©)
, ’

P, 0. and
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—
The current at busbar I is obtained as in (7), where ¢ is the
angle between 17y and /. Note that the series current 7, is the

resultant of the shunt current and the current of the distribution
feeder (ie. [, =1, + 1).

’jr/y’ 4(55 + 900) = 7y€

Z(p — 90°) — )7‘ 4 O

Equation (7) is used to obtain an expression of 1,, as in (8).
Detailed derivation of (8) is provided in the Appendix.

cos(o = ¢)

Rl 2T

Zs=|1 dnp =8, <070 ®

5

Equations (6), and (8) are used to calculate the reference voltage
* *

and current 17, and 7/, for the series and shunt convert-
ers. As the feeder’s impedance is known, a transformer-less

UPFC relies on the measurements of 71, 72 and 7 to calcu-
*

—_ —_ JE— J—
lateits 7, and 7, . 17 is measured locally, while 17, requires
communication.

3 | OPERATING RANGE OF A
TRANSFORMER-LESS UPFC IN MV
DISTRIBUTION NETWORKS

The operating range of a transformer-less UPFC was inves-
tigated based on the modelling conducted in Section 2. It
describes the capability of a transformer-less UPFC to control
active and reactive power in an MV distribution network, and it
is directly related to the power ratings of the series and shunt
converters.

The series and the shunt converters’ power ratings must
fulfil the maximum apparent power |§M| and |§I,,
between the converters and the connected AC network (i.e.

R —_ —_ p— —_ —_
|V§€| : |[J'€| < I‘S‘;el& IVl I : I].Y/JI < |*§‘M|>'

| exchanged

3.1 | Series converter

The power rating of the series converter is estimated by calcu-
lating |17, | using (6). Note that [1,| is advantageously smaller
in MV distribution networks than in transmission networks due
to the smaller impedance. Assuming |17,| is 0.95 p.u., the term

2 2. .
\/ B~ + 0, is 2.0 pu. (e.g. the series converter can reverse the

active power from 1.0 to —1.0 p.u., while the reactive power was
maintained to zero) and impedance |Z| ranges between 5% to
10%, then the range of |7M| is calculated to be between 0.105
to 0.210 p.u. As current |7,]is 1.0 p.u., the power rating of the
series converter also ranges between 0.105 to 0.210 p.u.

3.2 | Shunt converter

The shunt converter has full network voltage applied across
its terminal. The power rating of the shunt converter is deter-

mined based on |7,,|. Therefore, it is required to calculate the

sh
maximum shunt current required to ensure zero active power
exchange between each of the series and shunt converters and
the connected AC network.

An algorithm was developed to calculate the shunt current
as shown in Figure 5. It calculates |7,| when the power flow
changes from vatious uncompensated active and reactive B’
and 0, (ie. prior to connecting the

transformer-less UPFC) to an arbitrary target active and
reactive power 7 and 0.

Firstly, various operating conditions of Pz/ and QZ, are gener-
ated by hypothetically changing |17, and 8, while maintaining
|17] and &, constant at 1.0.£0° p.u. Busbar 1 was taken as a stiff
busbar to demonstrate the inherent capability of a transformer-
less UPFC. Note that a non-stiff busbar adds further limitations
on the operating range of the transformer-less UPFC. For
example, an increase in voltage at the point of connection
reduces the reactive power the shunt converter can supply.PZ,
and ,Qz’ are calculated using (4), and are stored in matrices
[PZ,] s and LQZ,]MxNWhefe M and N are the range of |?2|

and 8,. For example, |17, | is changed from 0.95 to 1.03 p.u. and

o o N N 3 . .
2 - >
8, from —=5° to +5% suchas \/ (&) + (0y) < S, where S, is

the nominal apparent power of the distribution feeder.
Secondly, an arbitrary target power P and (), is chosen

such as \/ (B)” + (©,)° < 5. Thirdly, voltage [I7 ] yx, cur-

rent [/ ]y« and current [/ ] 1% are calculated using (6)—(8).
Finally, the algorithm checks the

cutrent constraints (i.e. |7§/]|&|7|&|7M| <1.0pu).

Figute 6 shows the mapping of 17, against P and 0, . The
base apparent power and voltage were 10 MVA and 12.66 kV.
The impedance of the distribution feeder was 8%, and the X/R
was 2.0. A citcle of 1.0 p.u. radius represents all the values of B’
and 0,'. The colour map provides the shunt current’s magni-
tude at every power B and Qzl to the target power of (0.6 p.u.,
0.2 p.u.) such as, dark blue area represents zero shunt current,
while dark red area represents 1.0 p.u. shunt current. The areas
with black circles and red crosses are inoperable as either |7I/,|
and |/,,| exceeded 1.0 p.u. ot |7, exceeded 1.0 p.u.

Three cases were selected to demonstrate the shunt current’s
magnitude by changing the uncompensated power “A”, “B” and
“C” to the same target power. These cases are:

Case A: The change of power flow from A (0.2 p.u., 0.2 p.u.)
to target power (0.6 p.u., 0.2 p.u.), where the per-unit values in
each bracket are the active and reactive power.

Case B: The change of power flow from B (0.6 p.u., 0 p.u.) to
target power (0.6 p.u., 0.2 p.u.).
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Start

__ Busbar 1
|Vl= constant, 5,=0

1- Generate various power flow operating conditions P, &Q; :
Vi /Z/: constant r172

R jx p,—»|! |
(0}
Using Equation (4), calculate: [Pgl ] MxN&[QZl |y

'—_Busbar 2,
IVol,and 5,  variables

2- Choose an arbitrary target power flow P, &Q,where \/ P22+Q22 S,

3- Using Equations (6)-(8), calculate [V lasy: [Lsnlasmy » and [Lielyn-

4- Check constraints

Yes

Py'(m,n)= P,'

Qz '(m,n)= Q_z'

/Ish/(m,n)z /Ish/
l

;1 1.0 pu
&I1'1.0 pu
&I, 1.0 pu

P,'(m.nn)= none
0,'(m,n)= none
gl (m,n)= none

No

Plot3(P;,0, J/ Il)

FIGURE 5 The algorithm used to determine the shunt current

Case C: The change of power flow from C (0.2 p.u., 0 p.u.) to
target power (0.6 p.u., 0.2 p.u.).

It can be observed that in case A, |7§/j| was only 0.1 p.u.
when the power flow changed from A to the target power
(i.e. step change of active power from 0.2 to 0.6 p.u., while

the reactive power was maintained constant). In case B, the
change of power flow from B to the target power (i.e. step
change of reactive power from 0 to 0.2 p.u. while the active
power was maintained constant) was in the area with black cir-

cles as |7_Y/J|and|7_r€| exceeded 1.0 p.u. In case C, the change of

85UB01 T SUOLULLOD dA1I1D) 3[cedl|dde 8y Ag peusenob ae sajolie YO ‘8sn JO Sa|nl o} Akelqi8UlJUQ AB]IM UO (SUONIPUOD-PUR-SLUB)W0Y A8 |1 Ale.q1eu [Uo//Sciy) SUORIPUOD pue SWs 1 8y} 89S *[£202/€0/60] U0 AkeidiTauliuo AB]1Im ‘usiueno Ajquiessy Usp Ad 0822T 2ZPIB/6r0T 0T/I0P/W00 A8 | AReiq 1 puljuo Yo Jessa e //:Sdny wouy papeojumoqd ‘0 ‘S698TSLT



ABDELRAHMAN ET AL.

TABLE 1 Voltage and current of the series and shunt converters (Bold values denote the currents exceeded 1.0 p.u.)

-/
Voltage V' 1 (p.u.)

Point Series voltage V,, (p.u.) Series current ;xe (p-u.) Shunt current L,, (p-u.)
B—Target Power (0.6 pu, 0.2 pu) 0.016£ —29° 1.26.£61° 1.014£ - 0.5° 1.33£89.5°
C—Target Power (0.6 pu, 0.2 pu) 0.035237° 1.03£ — 53° 1.03£1.2° 0.612 — 88.8°

o I,&l >10pu x 1 >10 pu\

0.9

Active power Target
control Power 08

0.7

04
0.3
02

0.1

power control

0
1 08060402 0 02040608 1 [ (pu)
. sh
P,(pu)

FIGURE 6 Mapping of shunt current against B and Qz/ for cases A, B
and C

power flow from C to the target power (i.e. step change of
active power from 0.2 to 0.6 p.u. and reactive power from 0
to 0.2 p.u.) was in the area with red crosses as |7, exceeded
1.0 p.u.

Note that in all cases, the power flow was changed from either
“A”,“B” or “C” to “Target Power” by injecting the correspond-
ing series voltage 17, While |7 | is required to guarantee zero
active power exchange between each of the series and shunt
converters and the connected AC network.

A horizontal line labelled as “Active power control” was
drawn to the target power where PZ, changes while Qzl is con-
stant (i.e. active power control). The points along the horizontal
line show a maximum shunt current’s magnitude of 0.1 p.u. This
demonstrates the ability of the transformer-less UPFC to con-
trol active power using a small shunt current. Similarly, a vertical
line labelled as “Reactive power control” was drawn to the tar-
get power where QZI changes while PZI is constant (i.e. reactive
power control). The vertical line is entirely in the areas with red
crosses and black circles, hence the transformer-less UPFC is
inoperable.

Table 1 shows steady-state voltages and currents of the
series and shunt converters for Case B and Case C when the
transformer-less UPFC was inoperable. These values were cal-
culated using (1), (6) and (7). Figure 7 shows scaled phasor
diagrams developed using Table 1 where cases B and C are
inoperable due to current constraints.

3.3 | Shunt current for several target power

. - . ' /
Figute 8 shows |/,| against £ and @, for several target
power points. Figure 8a—c shows similar characteristics when
the target power was changed to several arbitrary points in the

(a) (b)

FIGURE 7  Scaled phasor diagrams; (a) |7,land|7,,| > p.u., and (b)
17| > pau.

fout-quadrant of operation. In this case, |7,| has a maximum
value of 0.5 p.u. for active power control (see green area in
Figutres 8a and 8c¢), while either |/ ;| and |7,,| exceeded 1.0 p.u.

ot |/,,] exceeded 1.0 p.u. for reactive power control.

3.4 | Analysis of the shunt current

Simplified expressions of |7, obtained in two cases:

(1) Active power control (i.e. O, = 0), and (2) reactive power
control (l.e. . = 0).

Firstly, an approximate expression of |7, can be obtained
from (8) by neglecting angle 8, which is usually small in MV
distribution networks, as in (9).

cos(9)
tan(p)

7. +sin(@)) ©)

1]«

Secondly, approximate expressions of 2. and (J, can be obtained
from (5) by neglecting the angle &, as in (10),

where 7 and 17 are the direct and quadrature components
of VI,/,.

p o VR 10X
st h
10)
X IR (
Le—gVi-—73h

When @, = 0, then substituting in (10) obtains T/4/Vd =X/R
or tan(p) = X /R. In this case, |7,| can be approximately
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FIGURE 8 Shunt current’s magnitude mapped against PZ, and ,QZ, for
several target power; (a) A (0.6 p.u., —0.2 p.u.), (b) A (—0.6 p.u., —=0.2 p.u.) and
() A (=0.6 p.u., 0.2 p.u.)

rewritten, as in (11).

cos(¢)

7
o X/R.

+ sin(¢)) a1

=[7]-¢

The feeder is udlised for active power control, and so ¢ is

close to zero. Therefore, |7,,| is a fraction of |/| considering
a distribution feeder of an X/R greater than 1.0.

—— = Vi Ly S, Z Iyn=—

| v H — - "I v, |

| @ ! seb + = :/_- I @ :
se,c +

| _H N =

Busbar 1 Ly, {\h P> _ Busbar 2

Series "ﬁ‘ "ﬁ‘ 'ﬁ' V. Qi>
Converters L— —_ — Shunt
CJ:' lJ C!j |J Cse -Eﬁ_ Converter

Vdc,:e » V(l(',xe Vd(:,xe(, 1
Csh |J

Vdc,sh

-

b

FIGURE 9 Simulated transformer-less UPFC

Similarly, when £, =0, then substituting in (10) obtains
17,/V; = —R/X . 1In this case, |/| can be rewritten, as in (12).

7 cos()

R/X

~ |7| - ( + sin(¢)) 12)

sh

Equation (12) demonstrates that |7,| is very likely to exceed 1.0
p.u. especially as the X/R ratio of a distribution feeder increases.

The above analysis demonstrates that a transformer-less
UPFC can control active power with a partially rated shunt
converter. Equations (11) and (12) show that various values
of feeder’s X/R ratio will affect the shunt current magnitudes,
consequently the operating range of a transformer-less UPFC.

Assume a full-load operation of |7|, ¢ is zero and the X/R
ratio is 2.0, using (11), the power rating of the shunt converter
is 0.5 p.u. when used to control active power. Note that the rat-
ing of the series converter is 10-20% of the nominal apparent
power, as given in Section 3.1. The ability of a transformer-less
UPFC to control reactive power is limited by the converters’
current ratings.

4 | SIMULATION STUDY

4.1 | Control scheme of the simulated
transformer-less UPFC

Figure 9 shows the test system implemented in MATLAB
Simulink to validate the theoretical analysis in Section 3. A
transformer-less UPFC was connected to a 10 MVA, 12.66 kV
distribution feeder whose impedance was 8%, X/R ratio
of 2. The base apparent power and voltage were 10 MVA
and 12.66 kV. The series converters were implemented using
single-phase two-level VSCs, while the shunt converter was
implemented using a three-phase, two-level VSC. The DC-link

capacitance of the series and shunt converters are 12 mF and

S,
0.5 mF and were calculated from C,, > # and C, >
@ de

de,se

S
2w Vi AV
voltage [29, 30]. Selection criteria for the DC-link capacitors can
be found in [31]. The parameters of the transformer-less UPFC

model are summarised in Table 2.

, where AT/ is the ripple component of the DC
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TABLE 2  Parameters of the transformer-less UPFC model

| 1

Parameter Value
Seties converter Nominal power, S, 1.5 MVA
DC voltage, 1, 1750 V
DC capacitance, C;, 12 mF
Shunt converter Nominal powert, S, 10 MVA
DC voltage, 17, 30 kV
DC capacitance, C}, 0.5mF
Filter inductance, 2, 20 mH

Viese Series DC|a Vi, Vse -

| . y Voltage
B . Voltage -~ |Generation —>
P, Vo | Control | 1-¢p
—»Calculation in |~ - . Series
|

0, [Upper Control th*! converter
SN i
. Shunt DC|a7,, ¥ I,,"- | Current
I { Voltage Closed-loop#
in‘-,w Control : Control | 3-¢
Stage 1 Stage 2 Stage 3 Shunt

converter

FIGURE 10  Overall control scheme of a transformer-less UPFC [28]

411 | Overall control

The transformer-less UPFC was operated to control active and
reactive power 7 and (), at Busbar 2 independently. Figure 10
shows the overall control structure [28]. In stage 1, the desired
active and reactive power at Busbar 2 P and 0, were used to
calculate the reference voltage T_/;a of the seties converter and
the reference current Z o of the shunt converter according to (6)
and (8). When 17, and /;; are regulated effectively, 7 and Q, will
be maintained close to 2" and 0,". In stage 2, the DC voltage
control loops of the series and shunt converters are found. Their
outputs are AL/, and A7, which are added to V;B and Z o In
stage 3, the series and shunt converters generate the switching

signals of the IGBTs.

4.1.2 | Individual control of the seties converter
Figure 11 shows the control loop of the single-phase series
converter.

In total, three identical control loops were used for the series
converters.

The DC voltage controller (in the red dash box) maintains the
DC voltage 17, ,, of the series converter at its reference value
Vdm*. The PI controller eliminates the error between 17, ,
and 17, .. and generates an output power 2, which equals the
power losses of the converter (i.e. B, = F,). This ensures the
active power is balanced within the converter. The output £, is
then divided by ]M,2 to obtain a virtual resistance R, that is equal
to the equivalent resistance of the converter. R, is further mul-

Two-level
single-phase|

0,

FIGURE 11  Control scheme of the single-phase series converter

Two-level _ﬁ_
three-phase i«
VSC 1
Csh I_‘ ’J

FIGURE 12 Control scheme of the three-phase shunt converter
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FIGURE 13  Simulation waveforms of case A; (a) /2 and 0, (b) 17y and
Iy and (¢) IV, and 7,
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tiplied by the vector /, to obtain the AC voltage drop across the
converter Al/, caused by the equivalent resistance of the con-
verter. AT/, needs to be added to T_/;) to compensate for the AC
voltage drop. The sum T_/I;B + AV, is the reference voltage 17*
that is forwarded to the PWM block, generating the switching
signals (S;—>Sy).

4.1.3 | Individual control of the shunt converter
Figure 12 shows the current control loops of the three-phase
shunt converter. The DC voltage controller (in the red dash box)
maintains the DC voltage 17, ;, of the shunt converter at its ref-
erence value Vd[’j/,*. It has similar control structure to the DC
voltage controller of the series converter.

The shunt current is regulated in the dg frame using abe
to dg transformation. The dg current errors (];/y,d* —1y4) and
(Zy, q* — 1y,,) are sent to the PI controllers of the current control
loops [32]. The PI controllers minimise the dg current errors and
generate the reference dg voltage signals 17 ; and 1, which are
then transformed into abe frame using dg to

abe transformation. The PWM block generates the gate

signals of the IGBTs (§;—S5).

4.2 | Simulation results
The same three cases (Case A, Case B and Case C) shown in
Figure 6 were simulated.

421 | CaseA

Figure 13 shows the voltages and currents of the series and
shunt converters when a step change of active power occurred
at 7= 0.2 s in response to a change in active power control sig-
nal. Before # = 0.2 s, the uncompensated active power was 0.2
p.u. and the uncompensated reactive power was 0.2 p.u.

Figure 13a shows that 7 was increased from 0.2 to 0.6p.x.
while O)was maintained unchanged at 0.2 p.u. in steady state.
This demonstrates the ability of the transformer-less UPFC to
independently control the active and reactive power.

Figutes 13b and 13c show that after # = 0.2 s, curtents 17,
and |7,,| were 0.11 and 0.69 p-u. and both were 90°phase shift
w.r.t. voltages T_/1/ and 1,. This small shunt current matches
with the analysis in Section 3 (i.e. Case A). Thus, it demon-
strates the ability of the transformer-less UPFC to regulate
active power with a small requirement of shunt current (i.c.
partially rated shunt converter).

422 | CaseB

Figure 14 shows the voltages and currents of the series and
shunt converters when a step change of reactive power occurred
at + = 0.2 s in response to a change in reactive power
control signal. Before # = 0.2 s, the uncompensated active

0.8 T T T T

QO4 "
E T _
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A 02r b

0
3OAl 0.12 0.14 0.16 0.18 02 022 024 026 028 03

L 1 ]
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)

<
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Time (s)

o
[

2 . \ . . . . . . . 20.02
0.1 012 0.14 0.16 0.18 02 022 024 026 028 03
Time (s)

(©)

—
FIGURE 14 Simulation waveforms of case B; (a) /3 and 05, (b) Iy and
].r/» and (C) V.r: and ].ru

power was 0.6 p.u. and the uncompensated reactive power was
ZEero.

Figure 14a shows that (0, was increased from zero to 0.2 p.u.
while P was maintained constant at 0.6 p.u. in steady state.
In response to this step change of reactive power, |7‘f/j| was
increased to 1.31 pu. and |7,] to 1.21 p.u. in steady state as
shown in Figure 14b,c. Both |7, and |7,,| exceeded 1.0 p-u.
These magnitudes match with case B in Section 3 and the phasor
diagram in Figure 7a.

423 | CaseC
Figure 15 shows the voltages and currents of the seties and
shunt converters when a step change of active and reactive
power occurred at = 0.2 s in response to changes in active and
reactive power control signals. Before #= 0.2 s, the uncompen-
sated active power was 0.2 p.u. and the uncompensated reactive
power was zeto.

Figure 15a shows that /% was increased from 0.2 to 0.6 p.u.
and (O, was increased from zero to 0.2 p.u. in steady state.

Figure 15b,c shows that current |/ | was increased to 0.64
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FIGURE 15  Simulation waveforms of case C; (a) /3 and 0, (b) Iy and
1, and (c) Vu and ]W

p-u., |7,] was 1.06 p.u. Although |7,,| was below 1.0 p.u., |7,
exceeded 1.0 p.u. These results match with case C in Section 3
and the phasor diagram in Figure 7b.

5 | EXPERIMENTAL RESULTS

5.1 | Experimental equipment

A physical experiment was used to demonstrate the shunt cur-
rent’s magnitude of a transformer-less UPFC, as shown in
Figure 16. It consists of:

1. An Imperix power electronic rig,
2. Two power amplifiers, and
3. A series impedance.

The Imperix power electronic rig has half-bridge modules
that were connected to form the single-phase series convert-
ers and the three-phase shunt converter of a transformer-less
UPFC. Two half-bridge modules were used to implement each
two-level single-phase series converter and were directly con-

I —

Digital igital
simulator Cie -ﬁ_ simulator
Power

Transform er- IJ
C,

,D igital Power electronic rig  Series impedance
simulator
FIGURE 16  Physical set-up of the test system
TABLE 3  System parameters of the test setup
Parameter Value
AC network Rated apparent power 0.75 kVA
Phase voltage 5017 £0°,50 Hz
Feeder’s impedance 0.68+ /157 Q
PWM Switching frequency 20 kHz
Dead time band Tus
Series converter DC voltage, 17, . 20V
DC capacitance, C;, 750 uF
Shunt converter DC voltage, 1. 150 V
DC capacitance, C, 750 uF
Filter inductance, 7., 2.5mH

nected to Busbar 1. Three half-bridge modules wete used to
implement a two-level three-phase shunt converter interfaced

to busbar 71, through a filter inductance L.

Power amplifiers were used to emulate Busbar 1 and Bus-
bar 2, and both were controlled using an OPAL-RT digital
simulator. Series impedance represents the distribution feeder
connecting Busbar 1 and Busbar 2. Table 3 shows the
parameters of the test setup.

5.2 | Tests and results

The start-up of the experiment required starting the series con-
verters and shunt converter and both are physically connected
’

to the same point (i.e. busbar Iy ). Then, synchronisation
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procedures were followed to connect Busbar 1 and Busbar 2. Time (s)
For simplicity, the experiment was conducted at low voltage. 0
Figure 17 shows the DC voltage across the DC buses of
the series and shunt converters from start-up until steady Sr
state. In Step 1, the series converters were connected and NI _
charged through the anti-parallel diodes. In Step 2, the DC 3 phase-a
voltage controllers of the series converters were activated, and Sr p:ase-b
. . phase-c
Viese,s Vieyse, and V7, were maintained constant at 20 V. In 10 . | | J
Step 3, the shunt converter was connected and charged through 19.6 19.62 19.64 19.66 19.68
the ant-parallel diodes. In Step 4, the DC voltage controller ;Fl;me )
)

of the shunt converter was activated, and 1, ;, was maintained
constant at 150 V. Figure 18 shows the experimental waveform

of 71, after closing the Switch “S”.

Figure 19 shows the experimental results of the Transformer-
less UPFC in response to a control signal to step change the
active power flow. Figure 19a shows the measured active power
P, at Busbar 2. P was increased from 0.36 to 0.8 p.u., while
the reactive power (), was maintained unchanged at 0.12 p.u.
Figure 19b shows a small shunt current of approximately 0.63
A rms (i.e. 0.13 p.u.) provided by the shunt converter.

Figure 20 shows the experimental results of the transformer-
less UPFC in response to a control signal to step change the
reactive power flow. Figure 20a shows that (), was increased
from 0.12 to 0.3 p.u. while 7 was kept unchanged at 0.36 p.u.
Figure 20b shows a large shunt current of 5.16 A rms (i.e. 1.03

pu).

FIGURE 20 Experimental waveforms in response to step change of
reactive powet; (a) active and reactive power at Busbar 2, and (b) shunt current

It is worth noting that the lower voltage used in the exper-
iment did not provide the same operating points as in the
simulation results section. For example, the series converter
controls the power flow by injecting series voltage up to 5 V
(approximately 10% of the phase voltage). It was challeng-
ing to replicate the results in the simulation results section,
considering the voltage drop of the wires, the IGBTs, and
other passive components. Howevet, the experiment highlights
the most important findings of this work. These are; (1) a
small shunt current when a transformer-less UPFC controls
active power (see Figure 19b), and (2) a large shunt current
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when a transformer-less UPFC controls reactive power (see
Figure 20D).

The control schemes presented in Figures 11 and 12 pro-
vided the required power flow control of the transformer-less
UPFC. Further analysis is required to optimise the operation of
the transformer-less UPFC when connected to vatious types of
AC systems [33].

6 | CONCLUSION

A transformer-less UPFC can provide power flow control in
MYV distribution networks using series and shunt converters that
are not connected to a common DC-link and with complete
removal of the interfacing transformers. Its operation relies on
controlling the series and shunt converters together such that
both converters exchange only reactive power with the AC net-
work. The shunt current of the transformer-less UPFC was
found to be small when it was used to control active power.
In contrast, the use of the transformer-less UPFC to control
reactive power required a large shunt current (i.e. > 1.0 p.u.).
This makes a transformer-less UPFC a good choice for applica-
tions that require controlling active power. However, its ability
to control reactive power is limited by the converters’ current
ratings.
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APPENDIX
Derivation of Equation (8):

p —90° =|7H£+

Using Equation (A1), then

|]A'€ [Jb

8,490

|7| - cos(p) — |7
sin(3,)

- sin(p)

se

ol =

— _
Py, =0, then real ("} - 1,) =0

Using Equation (A3),
(71 + 7xe) : (755’ - 7) =0
From Equation (A4), the current |7, is given in (A5).

|71) . '7| - cos(¢) + |VM
7| =

. l?‘ - cos(p — ¢)

|71 - sinGe)

e

Substitute Equation (A5) into (A2),

7.

. |7| -cos(p— @)
|71‘ - sin(8,)

sh

-
Using 7 | =171 + 1V, then

se>

sin(p) - cos(d,) 3

( sin(d,)

|71| = |7m cos(p))

Substitute Equation (A7) into (A0)

- ‘7| _cos(p—¢)

1y = Snp =0, (6, —90)

(A1)

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)
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