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Abstract: The high penetration of new device technologies, such as Electric Vehicles (EV), and Dis-
tributed Generation (DG) in Distribution Networks (DNs) has risen new consumption requirements.
In this context, it becomes crucial to implement a flexible, functional and fast responsive management
of the voltage level and Reactive Power (RP) in the DN. The latest improvements in the Solid State
Switches (SSS) field demonstrate they can be used as a Power Electronic (PE) converter. In particular,
they have been shown to be capable of operating synchronously with transformers, making the
Hybrid Distribution Transformer (HT) concept a potential and cost-effective solution to various DN
control issues. In this paper, a HT-based approach consisting of augmenting the conventional Low
Voltage (LV) transformer with a fractionally rated PE converter for regulating and controlling the RP
in the last mile of the DN is proposed. In this way, it is expected to meet the demand of the future DN
from an efficiency, controllability and volume perspective. The proposed approach is implemented
using a back-to-back converter. In addition, a power transfer control topology is used to implement
the proposed control of the RP injection that controls the voltage level at the Direct Current (DC) link.
The proposed approach has been demonstrated in different load scenarios using the Piecewise Linear
Electrical Circuit Simulation (PLECS) tool. The simulation results show that the proposed approach
can compensate the loads with their need from RP instead of feeding them from the transmission
grid at the primary side of the Distribution Transformer (DT). In this way, the proposed approach is
able to decrease the transferred amount of RP in the transmission lines.

Keywords: hybrid distribution transformer (HT); low voltage (LV) substation; reactive power (RP)
compensation; voltage regulation

1. Introduction

Nowadays, the energy market is experiencing an increasing demand for Reactive
Power (RP) in the last mile of networks [1]. This is mainly due to the gradual insertion
of new technologies, such as Electric Vehicles (EV) [2-7] and the high penetration of Dis-
tributed Generation (DG) in the Distribution Network (DN) [8-10]. In this scenario, where
loading type and consumption change stochastically at the end of the line, performing RP
compensation in the DN becomes crucial for keeping the voltage constant [11]. In this line,
new approaches should be implemented in the last mile substations towards providing
more flexibility and functionality regarding voltage level [12], RP compensation, amount of
demand and losses [13,14]. On the one hand, real time voltage regulation is needed, guar-
anteeing a specific voltage level regardless the amount of load demand. On the other hand,
RP regulation is needed towards providing the load unit of the required VAr (Volt-Ampere
reactive) while ensuring it is not transferred back through the transmission lines, causing
losses retroactively. Moreover, in order to keep the voltage and the current in phase, the
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control intervention should be performed from the closest point in the network, i.e., the
last mile transformer.

Traditionally, the ratio between the primary and secondary voltage in Distribution
Transformers (DTs) has been fixed. In order to regulate their voltage, tap changers have
largely been used. Nevertheless, on-load tap-changers are complex mechanical devices
which have several issues, such as excessive conduction losses and arcing in the diverter.
Although some alternatives have been introduced in the literature to solve these issues [15],
the use of on-load tap changers is no longer suitable in the current scenario. This is mainly
due to the fact that every transformer has a limited number of tapings in its life cycle,
making voltage regulation at a real time pace not possible. In this sense, passive DTs are
usually susceptible to Direct Current (DC) offset and controllability issues when employed
in smart grids. In order to fulfil the current voltage control and RP regulation requirements,
it is then crucial to provide DTs with more functionalities as well as a higher flexibility.
The latest improvements in the field of Solid State Switches (SSS) suggest that using
them as a Power Electronic (PE) converter can be a potential solution to modernise and
harmonise Alternating Current (AC) and DC electrical networks [16,17]. In this line, several
approaches have been proposed in the literature using full rated converters, showing
they are capable of adding a huge amount of functionalities and a high controllability
to DTs. Nevertheless, using full rated converters, usually located after or before the
DT as a standalone device, yields high losses for switching and conduction as well as
requiring high maintenance. In order to bridge this research gap, several works have
been published in the literature proposing to perform VAr compensation [18-20], voltage
regulation [21,22], or even both [23,24] using reduced ratings for the SSS. In particular,
the so-called hybrid distribution transformer (HT) [25-27], which consists of using an
embedded fractional rated converter partially attached to the windings of the DT, has been
widely used [19,20,23,24,28]. In [19], the power stage design, control, and performance
evaluation of a 13.2 kV /10 kVA State Switch Transformer (SST) for a power distribution
system is presented. In [20], a time-domain model of a Medium Voltage (MV)/Low Voltage
(LV) bidirectional SST is designed and tested under different operating conditions towards
evaluating its impact on the network’s power quality. In [23], a decentralised strategy
based on an adaptive droop control for promoting voltage and power balance among
modules of a cascaded SST is proposed. In [24] a two stage active hybrid SST based on
a multi-level converter using a Silicon Carbide (SiC) metal-oxide semiconductor field
effect transistor (MOSFET) is proposed towards achieving a wide voltage and power
flow control range, low filter size, and simple control sequence. Finally, in [28] a HT
encompasses a three-phase DT with secondary windings arranged according to an open-
end configuration and a three-phase inverter with floating DC bus. Since the HT approach
proposed in [28] does not require a bidirectional converter to manage bidirectional power
flows, nor a tertiary winding to supply the inverter, it allows using standard MV-LV DTs
with simple modifications for voltage control at the distribution grid edge, RP management
and harmonic pollution mitigation.

In this paper, a HT-based approach is proposed to provide additional functionalities
to the last mile transformer. In particular, the use of the HT allows the proposed approach
to smoothly regulate the voltage at a real time pace as well as to manage the RP injected
in the DN. The proposed approach is based on the synchronous interaction between the
SSS and the LV windings of the conventional DT. In this context, the amount of supported
RP is restricted by the ratings of the fractional attached PE, whereas the SSS are controlled
according to the immediate need for VAr control in the LV network [29]. In particular, due
to the fact that the required percentage of voltage regulation is not usually higher than
+20% of the nominal voltage, the proposed approach only uses the 20% of the original
converter ratings. According to [30], one of the main drawbacks of using converters rated
for the full power rating of the grid is their high losses for switching and conduction as
well as their high maintenance costs. Although losses and costs analysis are out of the
scope of this paper, it is expected that since it handles only the 20% of the total power,



Energies 2021, 14, 620

30f23

the losses and the costs of the proposed approach would be reduced with respect to the
ones associated with the use of full rated converters. Finally, it is important to highlight
that the proposed approach is implemented at the last mile transformer. Locating the
proposed approach as close as possible to the load has the advantage of decreasing the
transferred amount of RP in the transmission lines. Consequently, the Power Factor (PF)
on the other side of the network (MV network) can be improved. To the best of the authors’
knowledge, there is little to no work in the literature proposing HT implementation on the
last mile transformer.

A typical configuration of a HT is shown in Figure 1. There exist different HT con-
figurations and key aspects of designing HT towards providing the DT with additional
abilities that are discussed in [31]. In general, the selection of the HT configuration de-
pends on the desired functionality. Each configuration has its own topology, varying the
configuration of the PE attachments and the connection of the new amendments with
the network lines. In this paper, a back-to-back converter is attached to the last mile
transformer to represent the operation of RP option. In addition, a power transfer control
topology is considered by using the dq transformation technique to control the RP injection
that controls the voltage level at the DC link [32]. Finally, in order to evaluate the perfor-
mance of the proposed approach in different loading scenarios, simulation experiments
are conducted resorting to the Piecewise Linear Electrical Circuit Simulation (PLECS)
(https:/ /www.plexim.com/ plecs) tool.

b
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Figure 1. The typical configuration of the HT.

2. Proposed HT Approach

The proposed approach is based on the HT concept consisting of partially attaching
a fractional rated PE converter to the LV transformer’s windings [25]. The fractionally in
the ratings of the transformer is mainly aimed at providing the whole RP compensation
system with the following characteristics:

High reliability, but low cost when compared to full rated converts.
Reducing switching losses due to operating within lower switches’ ratings.
Exploiting the latent advantages of one of the most reliable devices in the network,
i.e., the transformer.

e  The system partially tastes the flexibility of the PE and its functionalities that could be
bypassed in case of PE failure.
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2.1. HT Design

If only a £10% voltage limit for regulation is considered by the regulator, the attached
SSS of the converter can be designed at fractional ratings (around 20-30%) of the total
windings of the LV transformer. These ratings allow control of the voltage regulation
interval and cut from the total power (S) part of the RP by making the angle between
voltage and current around 20% [26]. In this paper, different control configurations are
proposed towards achieving the following characteristics:

e  Voltage regulation of up to £30% of the nominal value.
e  RP control of up to +30% of the nominal value.

In addition, if the total rating of the PE part is not exceeded, a combination of voltage
regulation and RP control can be achieved. Finally, it is important to highlight that, in the
proposed approach, the attached PE converter can be cancelled and protected by being
bypassed in case of a failure within the system.

There exist different conceptual schematics for the design of the HT. Each one of them
have different functionalities in serving different demands in the last mile of the network
according to the VAr control scenario. In this paper, the PE consists of a back-to-back
converter so that the operation of RP option is represented. The chosen converter has
several advantages:

It performs fast control for power flow.
If the power at the DC link from the rectifier and inverter sides is balanced, the
variations in the DC voltage at the DC link can be avoided [33]. In this way, the current
level at the DC link is not distorted.

e A DC output can be supplied in case of further modifications.

In the proposed approach, the back-to-back converter is set up to control three unbal-
anced phases separately. Each phase supplies three feeders in the last mile of the network,
making a total of nine lines. The three phases differ in length and the number of connected
loads, having different voltages drops and different demands. In this context, a separate
voltage regulation and VAr compensation is needed for each phase [34]. This can be done
either by using three single converters, or by using a three-phase converter. Figure 2 shows
the proposed approach in this paper, where the HT is introduced as a normal transformer
that is partially attached to an AC/AC converter with a DC link and a series transformer.
The AC/AC converter in Figure 2 has two main functionalities. On the one hand, it keeps
the voltage constant at the regulated line. On the other hand, it injects/absorbs a specific
amount of RP, which is restricted by the fractional ratings of the SSS of the transformer.
Finally, it is important to highlight that, as discussed in Section 1, flexibility is a key aspect
for any RP compensation solution. In this line, the proposed HT-based approach shown in
Figure 2 has the advantage of being flexible, allowing the injected /absorbed amount of RP
to be increased by including more reliable PE switches.

2.2. HT Topology

Different HT configurations can be used depending on the specific issue that is desired
to be addressed in the last mile of the network, viz., voltage regulation, voltage stability,
RP flow or VAr compensation. Each configuration has its own topology and differs in
the PE attachments and the connection of the new amendments with the network lines.
Table 1 shows different schemes for different HT configurations and describes their main
functionalities. As discussed in Section 2.1, in this paper the PE consists of a back-to-back
converter, which corresponds to the configurations of Figure 3c,d shown in Table 1. In
particular, the selected converter has the following advantages:

e It provides a fast control for the power flow.

e Itavoids variations in the DC voltage at the DC link.

e It keeps the current level undistorted when the power at the DC link from the rectifier
and inverter sides is balanced [33].
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Figure 2. The proposed HT-based approach, which is a conventional transformer that is attached
partially to an AC/AC converter with a DC link and series transformer.
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Table 1. Different schemes and their functionalities.

Conceptual Schematics Functionality and Ability

This configuration allows correcting the PF for both the distortion and displacement PF. In addition,

Figure 3a Conceptual 1 the DC source can be charged and discharged through the bidirectional converter.

This configuration functions similarly to the Static Synchronous Series Compensator (SSSC) [35]. In
Figure 3b Conceptual 2 particular, it has a separate DC source, where the converter can take the power to inject it as voltage
in the line, either in a capacitive or inductive mode.

Figure 3c Conceptual 3 This configuration allows injecting the RP as voltage by using a back-to-back converter.

This configuration operates similarly to the Static Synchronous Compensator (STATCOM) [36]. It

Figure 3d Conceptual 4 injects the RP through a parallel restricted rated transformer.

This configuration includes the secondary side of the DT. It compensates the RP at the secondary side
with lower ratings for the SSSs that operate high voltage and lower current ratings.

3l

11
)

(b

Figure 3e Conceptual 5

VTE
Three windings
év

transformer

DC
W
Vout

VTE V cont

Three windings

transformer Three windings

transformer

(9 (d)

DC source

Var =

(e)

Figure 3. (a) Conceptual 1, a converter attached separately to tertiary winding; (b) Conceptual 2 with a converter supporting
the secondary side; (c) Conceptual 3, back-to-back converter supporting the secondary sides in series mode; (d) Conceptual 4,
back-to-back converter supporting the secondary sides in parallel mode; (e) Conceptual 5, a converter attached to the
primary side.
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2.3. HT Implementation

Figure 4 shows in detail the fractional rated back-to-back converter used in the pro-
posed approach presented in Figure 2 together with its control approach.

Figure 4. Detail of the proposed HT approach, where the proposed control circuit is introduced.

In Figure 4, the transformer ratios are as follows [29]:

N3
VtertiaryZ = N1 X Vs (1)
N2
Vtertiaryl = N1 X Vs (2)
VpE out = D X VtertiaryZ 3)

where Vs is the primary voltage, VpEg out is the output voltage of the converter, D is the duty
cycle of the Pulse-Width Modulation (PWM) signal and N1, N2, and N3 are the turns ratio
of the transformer. It is important to highlight that, in the proposed approach shown in
Figure 4, N2 is smaller than N1, and N3 is smaller than N2. Then, Vo can be expressed as
in Equations (4) and (5):

Vout = Vtertiaryl + VPE out (4)
N2+ (D x N3
Vout = # x Vs ()

3. Proposed HT Control Approach

For the proposed approach based on the back-to-back converter shown in Figure 5,
the voltage and the RP supply should be controlled. In this paper, a dg transformation
technique is proposed to control the voltage at the DC link terminals [32]. In this way, the
overall controller adds or decreases the voltage to/from the total output voltage in order
to control the whole output voltage of the transformer [37]. On the other hand, a vector
control is proposed to control the supply of RP since it is one of the most popular methods
used for Voltage Source Converters (VSC) [37]. Figure 5 shows the proposed PE converter
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Partial
fractionated
transformer

AC side

QD L |4/ rao—

design structure of the VSC in the DC side. As can be seen from Figure 5, the rectifier side
controls the voltage at the DC voltage and the RP injection, while the inverter side controls
the active power. In addition, the RP can also be controlled in both converters separately
without affecting the DC voltage. In this way, the chosen back-to-back converter has the
advantage of allowing controlling the RP, the active power, the AC voltage and the DC
voltage [38]. The different strategies proposed in this paper to control them are presented
and discussed in the following subsections.

Rectifier DC link Inverter

DC voltage PQ control AC side
+ Q control mood
mood

Figure 5. The overall PE design structure of the Voltage Source Converter (VSC) in the DC side.

3.1. Voltage Control Approach

For the proposed approach shown in Figure 6, the voltage control strategy is applied
in case of over-voltage or under-voltage incidents at the output of the transformer. In
particular, the voltage control is performed as a balance between the output of the secondary
windings and the AC-AC converter, increasing or decreasing the voltage in a range of
10-20% to/from the total output voltage, as introduced in Section 2.2, in order to control
the whole output voltage of the transformer. In the proposed approach, the transformer
supports a part of the supplied voltage and the PE converter controls the other part of
the voltage, i.e., the voltage variations. In this line, if a voltage decrease occurs in the
distribution line, the converter duty ratio (D) increases, whereas when a voltage increase
occurs, D decreases [15]. Figure 6 shows the vector diagram of the proposed voltage control.

V PE out
V tertiaryl |
M Normal state
I
V tertiaryl |
H Voltage increase
control
V tertiaryl |
% | Voltage decrease
| control

Figure 6. A vector diagram of the proposed voltage control.

As introduced above, the DC link of the back-to-back converter is controlled by using
a dq transformation [32]. In addition, the AC side of the converter (Voyt) is controlled using
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a Resonant Controller (RC). Figure 7 shows the schematic diagram of the overall control
of the output voltage. As can be seen from Figure 7, the output voltage of the converter
Veon is controlled to add or decrease the voltage to the overall output voltage of the phase
(VA output, VB output, and VC output). In addition, in order to obtain a sinusoidal wave
output, an LC filter is included [21].

A A
. I
N2 VSE\— |
Tertiary 1 :
v P
( v || Fixed
@rgy 240V
DC Link f I
PE PE T |
~
(AC/DC) 1 (Dc/ac) | Qe '.
converter converter ; Y
A A
v ™ /“Resonant \ _Refernce + AN
Three —\ da controller ) \_controller / -/
windings
transformer

Figure 7. A schematic diagram of the overall control of the output voltage.

Figure 8 shows the control logic used to perform the control of the overall output
voltage for the proposed HT approach.

Tertiary winding 1 I Tertiary winding 2 |

v

] Vo:trage AC./DC 4—( dq control \)
<¥ mesurment side ‘ \ /
v

+
‘ ) /Fixed DC voltage\4

Reference—————| DC/AC ¢ ( Resonant

side ‘ \__ Controller ~

0

-

\ 4

OV Controlled Variable
k Tertiary 2 /" k 7\,&“ /‘
ﬁi

v
V output (total output for the transformer)

Figure 8. The proposed control logic. A schematic diagram of the overall control of the output voltage.
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3.2. Reactive and Active Power Control

The power angle control is a widely known principle used to control active and
reactive power. Let X and R be the reactance and resistance of the transmission element. In
cases where the X:R ratio is very high, the active and reactive power can be computed by
Equations (6) and (7), respectively:

_ Vl V2 sinf

p ,
X

(6)

~ ViVycosb — V3
Q- R )
where Vj and V; are the voltage values in the electrical nodes 1 and 2, respectively, 6 is the
difference of voltage angles (load angle) 8 = 61 — 62. and X is the line reactance. In the HT-
based approach proposed in this paper, the transformer is considered as the transmission
element. In this sense, the X:R ratio of the transmission element is very high, enabling the
use of Equations (6) and (7) as the fundamentals of the power angle control [39]. According
to them, the power can be controlled through controlling the power angle between two
electrical points. Nevertheless, the power angle control principle is rarely used in the
practice due to its numerous disadvantages, such as the limitations in controlling the
current and bandwidth in converters [40], which can lead to serious problems regarding
protection [39]. In this paper, the reactive and active power are then controlled by resorting
to a vector control. In order to do so, the active and reactive power are first transformed
into the dg domain as shown in Equations (8) and (9):

P = Vyly, ®)

Q= Vq Iq/ (9)

where V;I; and V; I, are the voltages and currents in the dg coordinates. The active and
reactive power in Equations (8) and (9) are then controlled by the proposed Proportional
Integral (PI) controller shown in Figure 9. In Figure 9, Q¢ and P, are the desired values
of the reactive and active power, respectively, whereas Q and P are the measured values of
the reactive and active power, respectively. Finally, igmax is the maximum value for Ig.

lq max

f/ Pref .
QRe/L»(\—» p| ia/ i

Q/P

‘iq max
Figure 9. The dg frame reactive and active power controller.

3.3. DC Link Control Using Power Control Principle

As introduced in Section 3, the back-to-back converter is used in this paper since
it has several advantages. In particular, it avoids the variations in the DC voltage at
the DC link and keeps its current undistorted whenever the power at the DC link from
the rectifier and inverter sides is balanced. The size of the DC link plays an important
role in the balance of the power transfer between the converter and the grid. In general,
minimising the capacitor size allows for a reduction in the total cost and volume of the
design. Nevertheless, installing small size DC links or capacitors increases the possibility of
current distortion and voltage variations at the inverter output. Furthermore, small capacity
contributes to DC ripples whenever the AC voltage source is affected with harmonics or
unbalanced situations [41]. In this context, it is crucial to reach a trade-off between the
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total cost of the design and the ripple and voltage fluctuation tolerance. Some control
approaches have been proposed in the literature to mitigate the undesired effects of small
capacity. For instance, in [42] film capacitors are used for energy storage at the DC link.
Nevertheless, the available approaches in the literature do not usually take into account
the power balance between the inverter and the rectifier. In this paper, the DC link voltage
is controlled by taking into account the power balance between both converters. This leads
to several control advantages. On the one hand, since the operation of the rectifier depends
on the operation of the inverter status, considering the power flow dynamics between
them contributes to fasten the proposed control. On the other hand, and more importantly,
taking the power balancing into account allows the rectifier to control the active or reactive
current. In this way, the inverter is allowed to be fed with the exact amount it needs
from current. Consequently, voltage fluctuations are avoided by controlling the amount
of current that flows through the DC link. Finally, for the proposed approach, the stored
energy (W) and the power in the capacitor (Pc,)) are represented as shown in Equations
(10) and (11). The relation between them is shown in Equation (12):

W =05CVZ, (10)
PCap = Vacle, 11)
d

7 W= "Pap. (12)

3.4. Inverter and Rectifier Power Dynamics

As discussed in Section 3.2, taking into account the power balance between the inverter
and the rectifier leads to several advantages; in particular, allowing us to avoid voltage
fluctuations by controlling the amount of current that flows through the DC link is the
most important advantage. In order to better understand the inverter and rectifier power
dynamics, they are introduced in the following subsections, respectively.

3.4.1. Inverter Dynamics

Figure 10 shows the schematic diagram of the inverter connected with the grid.
According to Figure 10, the output voltage can be written as shown in Equation (13) [40]:

[Eate] = Vare] =Rl L5 L], 13)

where variables in [] are vector variables. In particular, [E,,] is the grid voltage, [V;]
and [I;;.] are the converter input voltage and current, respectively, and L and R are
the inductance and resistance between the converter and grid, respectively. After dg
transformation, Equation (13) can be written as in Equations (14) and (15) [40]:

V; = L%id — wLis + E4 + Rig, (14)
d . . .
Vg = Lazq —wlLig+ E;+ Rig, (15)
where w is the angular frequency. The line currents derivation is shown in Equations (16) and (17):
d. R. . |7
%lq__flq+wld+f_f’ (16)
d. R, ) Vy Ey4
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Figure 10. A schematic diagram of the inverter connected with the grid.
The inverter voltage derivation is shown Equations (18) and (19) [40,43]:
t
W:Erm%+KMG—QHJ}/qw, (18)
0
t
Vo= Eg—wig+ Ky (I = 1) +T; [ egat, (19)
0

where T; and K, are the PI control coefficients, ¢; and e; are the errors represented as
(I; — Iz) and (I:; — Iq) in the dg transformation frame. Finally, [; and I;; are the reference

feed in the current control loop. Then, the inverter power that is taken from the DC link is
given by Equation (20):

3
P = 3 (led + Vqlq). (20)

By substituting the values of Equations (16) to (19) in the derivation of Equation (20),
and simplifying them, the inverter power dynamic is given by Equation (21):

d R
Pim; = _f

dt Piny + g/ (21)

where ( is the inverter power dynamic variable used by the inverter to update the rectifier
with the current status of the inverter. This enhances the current control at the DC link
between the rectifier and inverter.

3.4.2. Inverter Dynamics

As discussed in Section 3.2, in the proposed approach, the rectifier operates according
to the controlled status of the inverter. In this context, the rectifier is governed, according
to the inverter power dynamics, by the power transfer dynamics in Equations (22)—(24):

d
le = C2Vae, (22)

d. )
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d. .

Lﬁlq = -V, —wLizg+ Eg, (24)
where I is the capacitor voltage, V;/V; and i;/1, are the dq axis of the rectifier terminal
voltages and currents, respectively, and w is the source voltage angular frequency. Suppose
E; = 0 and bring into line the g frame control, then the power from the rectifier to the DC
link is obtained as shown in Equation (25):

3 3
Eprect = ET(Eq - Vq)- (26)
In case of supposing E; = 0:
d 3E
7 Prect = Efd(Ed — V). (27)

3.5. Transfer Function for Power Control

Since the inverter side is connected to the LV side of the grid, it is in charge of the
synchronisation of the system. The rectifier, on its part, acts as the source gate for the inverter.
Therefore, the rectifier follows the power dynamics of the inverter. From Equation (21), the
transfer function of the inverter can be deduced as follows:

1

= . 28
5T (28)

Ginv

According to Equations (26) and (27), the transfer function of the rectifier is given by:

3E 1
Grect = (25) g (29)
Then:
2L
Vi=Eq— <3Ed'Ginv'€) - K(Pinv - PTECt)r (30)
2L
Vg =Eq— E'Ginv'g — K(Pip — Prect), (31)

where K is the control coefficient. From Equations (12), (29) and (30), the control diagram
for the DC link is implemented as in Figure 11.

W* > (ﬁ K Ki » Ginv K P‘ 1_ ; 2_ Vdc »
| v F T 1 + Ginv K § C
| w

Figure 11. The control loop for the DC link.

The feedback for the closed loop in Figure 10 is the error between the power and its
reference as shown in Equation (32):

W Grea K(Kp + %) o)
W* (1 + Gyeet. K) + Greet. K(Kp 4 %)
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Finally, the whole control system proposed in this paper for the converter is shown in
Figure 12. As can be seen from Figure 12, the main control topology depends on the power
transfer strategy between both converters. In particular, the control system depends on the
power dynamics between the inverter, which is connected to the LV side, and the rectifier,
which is connected to the transformer. The control strategy shown in Figure 12 is implemented
as follows. The control divides the power into two terms, namely d, corresponding to
the active power, and q, corresponding to the RP. Voltages and currents are described
as vectors in the stationary «f3 and transformed to dg coordinates to be controlled via
two loops. The inner loop controls the current, whereas the outer loop controls the DC
voltage. The controlled coordinates are then transformed to feed the PWM generator
towards controlling the DC output of the converter [44]. Finally, an equivalent Laplace
transformation for the circuits’ material is performed in order to determine the parameters
of the PI controller. Here, it is important to highlight that, by applying the proposed control,
the fluctuation in the DC link is minimised, enabling a fast and stable control for the AC
side of the converter.

Inverter
l-'l- v Pinv
2 L
i E
+ +
+
e— + | (D e—W*
] K e e —Q
+ Vdc
>—> Rectifier > \/2 —
C
+
wlld

Figure 12. A schematic diagram of the power control system.

4. Results and Discussion

In order to evaluate the capability of the proposed approach to control the output
voltage and compensate the load with its need from RP, different simulation experiments are
conducted resorting to the PLECS simulation tool. In particular, the AC side of the converter
is simulated operating under different loading scenarios in order to assess the robustness
of the proposed approach. In Section 4.1, the control voltage results are presented and
discussed, whereas the results for the RP control are presented and discussed in Section 4.2.
The parameter values used to configure the corresponding circuits of the proposed approach
and perform the simulations with the PLECS tool are shown in Table 2. As shown in Table 2,
the switching frequency f; is equal 5 KHz. Consequently, the converter time delay average
is Ta = %fs =100 x 10~ s. Finally, the capacitance of the DC link is: C = 25 = 312.5 uF,

2
Vdc

where F stands for faraday.
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Table 2. The parameter values for circuit configuration in the proposed approach *.

Components Ratings

Rated power 200 KVA

DC voltage V4. 800V

AC voltage 48V

Frequency 50 Hz

Filter impedance (R + jw! ) (0.01 +0.26) pu, L = 0.00047 H, R = 0.06 (2t
Switching frequency fs 5KHz

* where VA stands for volt-ampere, V stands for volt, Hz stands for hertz, pu stands for per-unit, H
stands for henry, and (L stands for ohm.

4.1. Voltage Control Results

As introduced in Section 3.1, the DC link of the back-to-back converter is controlled
by using a dg transformation [32], its main aim being to maintain the DC voltage fixed at
the terminal of the linked capacitor in order to provide the AC part of the converter with a
stable source of power. In this way, the DC output is allowed to respond to the reference of
the controller and step up/down to the required value, as shown in Figure 13.

900 /\
800
700

600
500

400
300

200
100
0

DC voltage

0 0.2 0.4 0.6 0.8 1
Time (seconds)

Figure 13. The voltage control response for the DC link.

In addition, the AC side of the converter is controlled using a RC. An advantage
of using such controller is that it can also be used to eliminate specific harmonics at
specific frequencies by applying their frequencies in parallel implementations for the term
frequency (TF) functions. The harmonic elimination is carried out as in Equation (33), being
further illustrated in Figure 14. In Equation (33) and Figure 14, the control operates at
the frequencies of the harmonics that need to be eliminated [45], where the fundamental
frequency is w, = 27tf,.

2 2 2 2
o s°+20wys+w 5°4+20wpas+w
Ge(s) = Ke—5rz " tRa—g 2 3
a
Ky, $24+20wpstw?, 4. Ke 2420 wpms+w?,, (33)
c 24w, m s2 w2,

where K¢ is the control gain for the fundamental frequency, and Kc,, K¢, and Kcp, are the
control gains for other chosen frequencies, such as 150, 250, and 350 Hz, respectively, for
the purpose of harmonic distortion.
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Resonant controller | -

| V PhA
(RC) Phase A _T >
T

A PLANT

\

i -
RC PhA =
Nth harmonics ) T

Voltage control at

other frequencies

RC PhA
Nth harmonics

Figure 14. The Resonant Controller (RC) for voltage control at 50 Hz and different harmonics elimination.

In the proposed approach, the Proportional Resonant (PR) controller and the high order
controller are tuned in such a way that a high stability margin is achieved. This is can be seen in
the root locus (Figure 15a) and the Bode plot diagram (Figure 15b) in Figure 15 for a damping
factor of 0.7, whereas the step response for the control system is shown in Figure 16.

Finally, in order to evaluate its robustness, the proposed voltage control approach
is applied within different operating scenarios. In this line, different loading conditions
including voltage variations, such as sags and short transient time, are considered. In
particular, voltage fluctuations, such as sag and swell, are simulated by considering heavy
loads and light loads applied before the main load in order to cause a disturbance scenario
decreasing or increasing the voltage. In the first simulated scenario, the output voltage is
fixed at the secondary side of the HT at 246 V (Root Mean Squared (RMS) value) and a
voltage swell is applied on the circuit. Figure 17 shows the control system response to the
applied voltage swell. As can be seen from Figure 17, the overall control forces the voltage
to settle down to its reference value after 1.5 s.

Root Locus for Open Loop

Bode Plot Diagram
W (rad/sec)
1| ~.¥ 150 HZ
] HZ
; =0 b, 250Kz
T ed » 350 HZ
0.5 | : P
a ; RC Highorder - _ — |
Ted 4 - . ] 1:573) o
(0 | 4 s
\ s oy
] 1 .\‘5 r"';/ : :I §
I ] 7 X ﬁ E
AR | | e
‘ Lol L7 = K
"

(a) (b)

Figure 15. The root locus (a) and Bode plot diagram (b) for the RC control.
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Figure 16. The step response of the control system.
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Figure 17. The overall control response to a voltage swell.

In addition, the proposed voltage control approach allows regulating the voltage over
frequent transient voltage fluctuations (second by second). This is illustrated in Figure 18, where
the response of the proposed control system to a voltage sag and voltage swell applied on
the output voltage during 4 s, is shown. As can be seen from Figure 18, the reference of
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the total output voltage control is fixed and controlled at the nominal voltage level. In this
way, the voltage regulation interval is decreased from +10% to almost +0%.

Total output V output

Voltage Swell before the

Voltage Swell before the Controlled Voltage control response

control response

Time ( seconds)

Figure 18. Voltage fluctuation regulation.

The results shown in Figures 17 and 18 show that the proposed control voltage
approach is capable of controlling the voltage output during single and frequent time
variations. In particular, the control of switches provides a stable DC link as a first level of
control in order to isolate the variations of the input from the output. This ensures a stable
operation for the control at the AC side, which is the final voltage output. In addition, as
can be seen from Figure 18, the proposed control approach has a response time of nearly
one second. In this regard, the proposed approach outperforms similar voltage regulation
approaches recently proposed in the literature. For instance, in [46] a partially rated PE
assisted On-Load Tap Changing (OLTC) autotransformer is presented for grid voltage
regulation. Although the results obtained in [46] show their control voltage approach is
capable of handling frequent voltage fluctuations, the time response is higher than the
one obtained in this paper. Finally, the obtained results in this paper are promising since
they improve the system operation under sensitive voltage load conditions which require a
steady and accurate voltage level with a quick time response, such as medical equipment
applications. On the one hand, over-voltage in such applications can damage the electronic
devices, reducing their operational life. On the other hand, decreasing the voltage in such
applications can result in disabling the operation of these sensitive devices.
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4.2. RP Compensation Results

The proposed control for the RP compensation is tested according to the scheme
shown in Figure 19. As can be seen from Figure 19, the HT is controlled to support the load
with its partial need from RP, instead of taking it from the transmission grid. In this way,
the g component that is transferred from the transmission line is zero, being produced only
by the HT. A classic dg transformation technique is used for the proposed fractional converter
as shown in Figure 20. Using the dg transformation scheme shown in Figure 20 allows
transference of the three-phased input into two DC items in such a way that they can be
controlled over the DC link at the link between both sides of the back-to-back converter.
From Figure 20 it can be seen that, since the dg transformation is used, the 4 components
represent the reactive power or the current part.

la=10
Iq:O
A
AL
Hybrid ‘
transformer
lq= 25  — lg=25
Compens::cion la=10

control

Figure 19. The control diagram for the proposed RP compensation control.
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Figure 20. The dg transformation technique for the fractional converter.

The results obtained for the different considered loading scenarios regarding the
injected RP, the transferred VAr through the transmission grid and the loaded RP after the
secondary side of the transformer are presented and discussed in the following subsections.
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4.2.1. Loading Scenario (L1)

In this scenario, the RP that is transferred through the transmission line before the
11/0.43 KV transformer, is zero. In this context, the load takes its RP need from the
HT. Figure 21a—c shows the I; and I; for the injected RP, the transferred current in the
transmission lines, and the distributed current for this loading scenario, respectively. As
can be seen from Figure 21a—c, the proposed approach is capable of efficiently regulating
the transfer voltage in the described loading scenario in much less than one second. In this
way, the proposed approach achieves a good regulating performance significantly faster
than the conventional voltage regulation method based on tap-changers [47].
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Figure 21. (a) The dg components of the injected RP for the loading scenario (L1); (b) the dg components of the transferred
current in the transmission lines for L1; (c) the dg components of the distributed current for L1.

4.2.2. Loading Scenario (L2)

In this scenario, the RP demand is increased. The load takes most of its RP need from
the HT and the rest is transferred through the grid. Figure 22a—c shows the I4 and I for the
injected RP, the transferred current in the transmission lines, and the distributed current
for this loading scenario, respectively. As can be seen from these figures, the transferred RP
(before the HT) is decreased. In this case, the ratings of the PE in the HT could be increased
towards fulfilling the increasing demand of RP for the connected loads, confirming that
the PE ratings and the HT capability of supplying RP depend mainly on the nature of
the loads. Nevertheless, increasing the PE ratings would lead to an increase in the cost
and the losses. In addition, as in the case of the previous loading scenario (L1), in this
loading scenario (L2) the proposed approach also regulates the voltage in much less than
one second, outperforming the traditionally used voltage regulation method [47].
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Figure 22. (a) the dg components of the injected RP for the loading scenario (L2); (b) the dg components of the distributed
current for L2; (c) the dq components of the transferred current in the transmission lines for L2.
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References

Finally, it is important to highlight that the DC link/source can be further improved
towards providing a DC output source for a DC line in an enhanced form of the control. In
this way, it could operate synchronously between providing stability for the AC side and
feeding a DC line. This approach would be similar to the Uninterrupted Power System
(UPS) approach presented in [48].

5. Conclusions

An increasing RP demand is expected in a near future due to the high penetration of
DG in the DN and the increasing use of new technologies such as EVs. The main focus of
this paper was to validate the concept and usability of HT in providing real time voltage
control in the last mile of the network. Although locating the HT as close as possible to
the load has the advantage of decreasing the transferred amount of RP in the transmission
lines, improving the PF on the other side of the MV network, there is a lack of works in the
literature addressing last mile transformers’ issues. It is the authors’ intention that the HT
approach proposed in this paper and its promising results can set the basis for the future
choice for LV substation features by initialising a reasonable percentage of SSS working
synchronously with the last mile transformer.

The proposed HT approach was based on the use of a back-to-back converter to
represent the PE, allowing a fast control for power flow, avoiding the variations in the
DC voltage at the DC link, and keeping the current undistorted whenever the power at
the DC link from the rectifier and inverter sides is balanced. In this way, the proposed
DC control approach took into account the power balancing between the inverter and
the rectifier, avoiding voltage fluctuations by controlling the amount of current that flows
through the DC link. This constitutes a key aspect of the proposed approach, since most of
the approaches in the literature do not take this power balancing into account, leading to
undesired current distortion and voltage variations at the inverter output.

The simulation results obtained for different real time voltage operating scenarios,
including voltage swells, sags and short transient time, showed the capability of the
proposed HT approach for controlling the voltage when single and frequent time voltage
variations occur. In this sense, the proposed approach has been demonstrated to be well
suited for applications operating under sensitive voltage load conditions which require
a steady and accurate voltage level as well as a quick time response, such as medical
equipment applications. In addition, the simulations have also shown that the proposed
approach can compensate different loads with their need from RP instead of feeding them
from the transmission grid at the primary side of the DT. In this way, the transferred
amount of RP in the transmission lines is decreased.
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