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Abstract: Several countries around the world are undergoing a radical transformation of their
electricity networks, with the widespread integration of distributed generation based on renewable
energy sources at the center of the change. Under these scenarios, DC links are becoming an attractive
option for the infrastructure of modern networks, especially at medium voltage levels. This work
is devoted to the integration of DC systems in existing AC networks by converting AC power lines
to DC. The work presents a novel method for converting a three-conductor medium voltage AC

transmission line to DC. The efficiency of the proposed conversion is assessed in terms of increased
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power capacity. It is shown that the proposed approach allows for increasing the power capacity of
the line by at least 10%. The feasibility and effectiveness of the proposed method are then confirmed
by laboratory experiments.
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1. Introduction

Recent reports provided by international agencies on power systems show the need
for power system transformations [1-4]. Forecasts predict a transition from centralized
power supply systems to adaptive ones based on distributed energy resources (DER). The
idea of an Internet of Energy (IoE) [5] assumes widespread integration of Information

Technology (IT) in the field of energy [6,7] and supports the trend toward a transition to
flexible systems.

In AC grids, maintaining high efficiency and stability, allowing the integration of
DER and bulk energy storage, obtaining optimal power flow, and ensuring power quality
altogether is challenging. Hence, the IEEE forecast for 2050 [4] assumes that power systems
of the future will combine the advantages of variable frequency AC and DC. Several works
have shown that a combination of AC and DC in power systems may bring significant
benefits at both transmission and distribution levels [8-13]. The advantages of hybrid
AC/DC grids include better power flow and nodes voltage control as well as reduced
power and voltage losses.

Since the last century, DC has been used within AC networks for long distance bulk
power transmission [14,15] and in residential networks [16-19]. However, for a long
time, medium voltage DC (MVDC) systems were impractical due to the high cost of power
conversion. Given the advances in the field of power electronics [20,21], the implementation
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of MVDC power lines into transmission and distribution systems is becoming an attractive
option. The ABB report on MVDC technology [22] highlights a number of promising areas
of applications of MVDC in modern electrical grids including:

The ability to connect substations at the same voltage level for direct power exchange;
Increasing the power capacity of transmission lines;

Connection of power-intensive loads in urban environments;

Connection of remote consumers including microgrids;

Connection of renewable energy sources and storage units;

Transmission of electricity by submarine cable lines at medium voltage levels.

When trying to integrate DC lines into an existing AC power system, a dilemma arises:
whether to build new DC lines or convert existing AC lines to DC. Depending on the context,
both options are justifiable. However, a significant advantage of AC to DC conversion is
that it can be performed with minimum structural modifications, thus allowing for a fast
and socio-environmentally friendly increase of the capacity of the line [23-25]. In addition,
building new lines may not be possible in some cases due to space limitations.

Early works on this topic were focused on AC to DC conversion of high voltage
power lines [26,27]. In these works the authors proposed reconstructing power lines by
replacing tower heads and insulators. Since no change is made to the conductors, the gain
in power capacity depends mostly on the voltage uprate. As for the design, two options
for converting a three-phase AC line to a DC one were suggested. The first option is to
convert the AC line to a monopolar DC system with ground return. This can be achieved
by connecting all three conductors to the same pole while the current returns through the
ground. The second option is to convert it to a bipolar DC system with neutral conductor.
In this case, two of the conductors are connected to the positive and the negative pole,
respectively, while the third one remains neutral. On the one hand, using a monopolar
system with ground return allows for increasing power capacity rate up to 3.5 times [26],
but it may be undesirable or even unfeasible to implement in inhabited areas due to stray
currents. On the other hand, in a bipolar DC system with a neutral conductor, only two
of the conductors are used to carry current, which reduces the power capacity of the
line. A recent case of successful AC to DC conversion using a bipolar DC system is the
UltraNet project [28] for two 380 kV AC and two 110 kV AC systems between Osterath
and Philippsburg in Germany (340 km long). In this project one of the 380 kV AC systems
was converted to DC. The conversion only required replacing the insulators and facilitated
the power transmission of approximately 2000 MW from wind farms in the North Sea to
industrial areas in southern Germany.

An alternative to bipolar systems is tripole systems [29]. In a tripole scheme, two
of the conductors are connected to the positive and negative poles using unidirectional
thyristor converters. The third conductor is constantly switching between the positive
and negative poles using bidirectional thyristor converters. The currents of the first two
conductors do not change direction, but change amperage. In contrast, the current of the
third conductor (neutral wire) has constant amperage but periodically changes direction. In
a tripole system, it is possible to increase the power transfer capability 37% by overloading
the main conductors periodically for short periods without exceeding their thermal limit
and by also using the neutral conductor to carry current. Further improvements of this
method have been carried out to implement transistor-based converters [30] and to optimize
the switching scheme [31]. Despite its benefits, the tripole scheme has not been widely
used [32].

The same approaches were used for MVAC to MVDC conversion. For example,
the 35 kV AC submarine cable line for supplying power to the offshore platform of the
Wenchang oilfield group in China was converted in 2011 to a 10 kV bipolar DC line to
maintain a 3 MW capacity [25]. Another example is the Angle-DC project in the UK [33],
where a 33 kV MVAC line across the strait between the island of Anglesey and North Wales
was converted to a 27 kV bipolar DC line. In [8] the efficiency of converting AC lines to DC
for increasing the power capacity in urban medium voltage power lines was investigated.
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The efficiency of the conversion was evaluated in terms of rating power capacity, voltage
drops, and power losses. The authors proposed a symmetrical configuration with a neutral
wire for three-conductor lines and two types of DC systems for four-conductor lines: a
symmetrical configuration without a neutral wire and an asymmetrical configuration with
a neutral wire. Since the conversion was designed for urban networks, no ground return
was considered. As a result, the authors determined that four-conductor lines were the
most efficient alternative. Also, a conversion without voltage uprate is almost ineffective
for three-conductor lines (especially for cables).

In the aforementioned context, this article extends the work in [34] and presents a
novel approach for AC to DC conversion in lines with three-conductors at medium voltage
levels and demonstrates its feasibility and effectiveness. With the proposed approach,
the thermal capacity of all conductors is utilized, thus allowing an increase in the power
transfer of the line. Furthermore, the article proposes an original criterion to evaluate the
efficiency of the conversion that considers the voltage drop and the conductors” thermal
limit in a wide range of load and line parameters. The feasibility of the proposed approach
and its efficiency are supported by experimental results. The technical and economic
benefits of AC to DC conversion are out of the scope of this paper and will be addressed in
future works. The proposed approach has many applications. It can be used as part of a
major AC to DC conversion strategy, which may be the objective in some jurisdictions, or
as an alternative for increasing the transmission capacity in urban areas and/or areas of
high population density where adding a parallel line is not an option.

The remainder of this article is organized as follows: Section 2 presents the proposed
method to convert a medium voltage three-conductor AC power line to DC. Section 3
presents the experimental setup and the results. Finally, Section 4 presents a discussion and
the conclusions.

2. Proposed Method for AC to DC Conversion

When transmitting electricity from a DC voltage source using three-conductor lines, if
one of the conductors is connected to the positive pole, while the others are connected to
the negative pole, the full current will only pass through the first conductor. The other two
conductors will carry only half of the current, and the thermal margin of these conductors
will not be fully utilized. One possibility to achieve better usage of all three conductors
is to switch between fully and half-loaded conductors periodically, as shown in Figure 1.
In this work, we define the time during which each of the three conductors will carry full
amperage as switching period T.
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Figure 1. Operating state of the conductors according to the proposed method; T represents the
switching period.
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To implement this approach, full-bridge six-pulse diode rectifiers and full-bridge
inverters based on IGBTs can be adopted, as shown in Figure 2. The main target of the
proposal is to show how the wires are switched. In this regard, the topology can also
be upgraded by using solid-state transformers (e.g., [35,36]). The range of voltages and
currents for which this technology is designed to be used is estimated as 10-20 kV and
100 A. Note that full-bridge inverters have also been successfully used to control current
flows for different purposes (e.g., [37,38]).
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Figure 2. Proposed scheme of power transmission for: (a) Unidirectional power flow; (b) Bidirectional

power flow.

For the analysis we have neglected the inner rectifiers” voltage losses and assume that
the rectified DC voltage Uy is:

U, = 3\@-%, 1)

where U is the RMS value of the alternating line to ground voltage.

Equation (1) is related to a six-pulse full-bridge diode rectifier with constant DC
current (a large inductance is assumed at the dc-side). Since the rectifier DC link contains a
capacitance, the actual DC voltage value will be different. However, Equation (1) can be
used to estimate it. Figure 3 shows the expected voltage and current profile for a given
switching frequency.
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Figure 3. Expected curves of: (a) Voltages and (b) Currents, during switching period, where u, 1y,
uc;—line-to-line voltages; i,, ip, i-—conductor currents.

From Figure 3 it can be seen that the conductor carrying the full current will heat
quicker than the others, but only during one-third of the period. During the remaining time,
the conductor cools down. For illustrative purposes, Figure 4 shows the temperature of the
conductor in steady state including both constant and transient components. The average
conductor temperature (T;.,) depends on the current amperage (I;), while the switching
period (AT) affects the amplitude of the fluctuations. Note that higher switching frequencies
lead to smaller deviations from the average temperature. This constant switching of the
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conductors allows increasing the current I; that can be transmitted without exceeding the
maximum temperature of the conductors. Regarding the choice of the switching period,
note that the heating time constant of the wires is 5-10 min, which is several times higher
than the switching periods in classic power electronic devices. Therefore, when designing a
wire switching device for the proposed power transmission method, it is possible to choose
a wire switching period of less than a minute and expect low wire temperature ripples (less
than £5%). For the experiment, we chose a wire switching period of 15 s.

T, AT~ f
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/N N/
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Figure 4. Instant and average temperature of conductors.

The RMS value of the current I; that can be transmitted with the proposed methodol-
ogy, compared to the current [ that can be transmitted with an AC transmission line can be

estimated as follows: 5 5
1 2/1 I
12:31§+3(2d> =3 @)

Hence, the proposed methodology allows increasing the RMS value of the transmitted
current by a factor of V2:

I = V2I ®)

In summary, the proposed approach for AC to DC conversion allows the use of the
temperature margin of all three conductors. Moreover, since all three conductors are
valid for power transfer in case of a single conductor failure, it is possible to maintain the
transmission capability using the remaining two wires at reduced power. Additionally,
there is no space static charge around the wires due to the constant polarity change of AC
systems [39]. Note that for power system design, the line loadability is usually determined
for worst-case ambient conditions (for example, 35 °C and wind velocity of 0.3 m/s). Hence,
the benefits of the increased line loadability with the proposed method, can also be captured
within power system design.

2.1. Analysis of the Increased Power Capacity of the Line Using the Proposed Method

Comparing the performance of different conversion techniques is usually undertaken
in the context of power capacity upgrades [40]. Power capacity is estimated for current
(relevant for short lines, typically below 80 km), voltage (for lines between 80 km and
320 km) and stability (for lines longer than 320 km). Since the method is proposed for
medium voltage power lines, the stability criteria were not considered. Voltage and current
restrictions were adopted for comparison purposes. It is also assumed that switchgears do
not restrict the line’s capacity.

2.1.1. Power Margin Coefficient

To compare different conversion methods, we propose using a power margin coeffi-
cient. More details on this method can be found in [34]. Here, only a brief introduction of
this analysis method is presented. The power capacity of a medium voltage transmission
line depends on the current and the voltage. In real-world power systems, the voltage level
at any point must comply with the corresponding power quality standards. To consider
voltage losses in the line, a voltage margin coefficient (Ky ) is proposed, which is defined
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as the ratio of the power capacity of the line converted to DC (Pl()Lé)) and the power capacity

of a three-wired AC line considering voltage restrictions (Pgé)) ie,

(Lé)

, @
u
Phe

)

Kym =

~

The maximum current that can be transmitted over a power line depends on the
permissible temperature of a particular conductor. To consider the increase in the power
line current for the AC to DC conversion, we propose using the current margin coefficient

(Kcm), defined as follows:
pd)
Kewm = 25, ()
pD
AC

where ng is the power capacity of the DC line and PIE‘I(): is the power capacity of the

three-wired AC line. Given that both criteria are important, we propose a power margin
coefficient that combines them as follows:

Kpm = [Kvm, Kem] (6)

For short power lines, the current margin coefficient is more important than the
voltage one and vice versa for long power lines. However, within our proposal, both the
line voltage and the line current are considered for comparison. Note that for long distance
power lines (e.g., for extra-high voltage), the stability criterion can also be included in the
proposed formulation.

2.1.2. Evaluation of the Efficiency of the Proposed Method Using the Power
Margin Coefficient

A few assumptions are made for the analysis. The first assumption is that the current
and the voltage have sinusoidal form and that the loading of the conductors is balanced.
Second, given that the frequency is 50 or 60 Hz, the difference between AC and DC
resistances is negligible [41]. Third, it is assumed that the conductors of the power line
are at a sufficiently large distance from each other, so that both inductive and capacitive
interference are also negligible.

The basis of the analysis is plotting the power margin coefficient surface for different
loads and line parameters. The plot on Figure 5 shows how the line capacity increases
depending on the load power factor and the reactance/resistance ratio. Let us first evaluate
the power capacity of an AC line considering the load power factor (PF) (for linear load,
PF = COS((PIoad)):

P = 3UlIcos (@oad) @)

On the other hand, the power delivered by a DC voltage source considering Equations (1)
and (3) is:

u
P — u,1, = 3V6-—-Val. )

Now, using Equation (5) it is possible to obtain K¢ as follows:

3./6
Kemy=U v vl
t 3UIcos (@ronq

) = 1.1cos (q)load) -1 )

According to Equation (9) the power capacity could be raised by 10% in the case of a
unit power factor of the AC load. To obtain the voltage margin coefficient, let us assume
that the conductors’ resistances (R) are the same. The AC power capacity considering
voltage restrictions is:
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wy »1/0.81c05 (@jine) 2 + 0.4 — 0.9¢05 (@jine)
PAC — 2.7u me me

R/ 1+ tan (@iine) '

where ¢, = arctan(X/R). As two conductors are connected in parallel, the full resistance
of the DC line decreases by one-fourth:

(10)

p) _ 96,211:09 - 0.92

bc ™ 72 R +05R (1)

Coefficients in Equations (10) and (11) correspond to the common power quality
standards [42,43], according to which the line voltage must remain between 90% and
110% of the nominal value. Using Equations (10) and (11), the voltage margin coefficient
dependent on the line’s X/R ratio are as follows:

1+ tan (Qiine)
/0.81c08 (@jine) 2 + 0.4 — 0.9¢0s (Prine)

Kym = 0.24 (12)

According to Equation (12) if X/R = 0, then the power capacity of the line could be
increased by at least 20%. To consider both voltage and current restrictions, in Figure 5
we plot the power margin coefficient surface using Equation (5). This figure demonstrates
that the proposed conversion approach achieves an increase of at least 10% of the line’s
power capacity. From this figure it can be seen that the lower the PF of the load, the higher
the conversion efficiency. For relatively low PF loads, the power capacity is restricted by
the voltage drop of the line. However, even in cases of purely resistive lines, which is very
unlikely, the minimum possible power capacity upgrade is 20%.

1.35
134
1.25
1.2
1.154

1.1+

Power Margin Coefficient

1.05 -

1.l
085

09 T
095

" 05

Load Power Factor 1.0 X/R Ratio
Figure 5. Power margin coefficient for conversion method with conductors switching.

3. Experimental Validation and Results

The proposed method was validated experimentally in laboratory conditions. The
experimental bench was created for a relatively short power line; thus, it was possible to
neglect the line capacitance. The line was modeled with a reactance of 1 Ohm in series
with an inductor of 3 mH. For a medium voltage line of 35 kV, this would approximately
correspond to a 10 km line. The scheme of the bench is shown in Figure 6. Note that this
assumption does not hold for long power lines, and therefore in those cases telegraph
equations have to be considered. Since the power capacity margin coefficient is irrelevant
for transient analysis, only steady-state operating conditions were investigated. As part
of the experiment, the temperature of the wires was measured during the transmission of
electricity with three-phase AC and with three-conductor DC. The voltage drop across the
load was also measured when the conductors were switched.
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Figure 6. Lab bench scheme: (1) voltage input; (2) 380/43 transformer; (3) bypass switch; (4) trans-
mitting end rectifier; (5) switching circuit; (6) line resistances and inductances; (7) switch between AC
and DC load units; (8) receiving end rectifier with smoothing capacitor; (9) adjustable DC load unit;
(10) adjustable AC load unit.

As depicted in Figure 6, the laboratory test bench was powered by a three-phase 230 V
50 Hz voltage source. The 380/43 V transformer (25 V per phase) reduces the voltage to a
safe level on the input side. Depending on the position of the bypass switch, the voltage
was supplied either directly to the power line or to a full-bridge diode rectifier with a
smoothing capacitor on the DC side. When a reduced three-phase voltage was applied to
the power line, electricity began to be transmitted to a three-phase adjustable load bank.
The main purpose of the loads was to control the transmitted power through the line (for
both configurations, AC and DC) and determine the maximum power transfer that can
be achieved without exceeding the maximum temperature. The power line was emulated
by using resistors and inductors. In case the bypass switch was in the opposite state, the
voltage was rectified and powered by the switching circuit. The switching circuit topology
was the same as a three-arm inverter. However, to obtain the required signal in Figure 3 we
used electromagnetic relays, which allowed us to reach relatively low switching frequencies.
Another full-bridge diode rectifier and a smoothing capacitor that maintained the voltage
across the load when the conductors were switched were installed in front of the adjustable
DC electronic load unit DL3021A from RIGOL. A sensor MOD-IR-TEMP from Olimex
was used for temperature measurement. It was placed near the resistor to emulate the
resistance of the conductors. The sensor board used a MLX90614BA A microcontroller. The
sensor was factory calibrated in a wide temperature range, from —70 °C to 380 °C. The
operating voltage of the module was 3.3 V and the accuracy of the sensor was 0.5 °C. The
Arduino Uno microcontroller performed the switching circuit control and data acquisition
by sending the corresponding signals to the relays. The control algorithm formed the high
signals (5 V) every 5 s in each phase to form the line voltage similar to the one presented in
Figure 4. In each cycle, one phase bypassed the full current directed to the load and the
other two phases conducted half current each. The switching period was chosen so that the
temperature of the wires did not exceed the maximum temperature in equilibrium. The
block diagram of the system is presented in Figure 7 and the laboratory test bench photos
are shown in Figure 8.
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»| six-pulse | - Switch control
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ires temperature switch period

signal

Phase voltage

Output
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wavefrom
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Figure 7. Block diagram of the switching system.

oD

54.6223V 1.3496A

Figure 8. Photos of laboratory bench: (a) general view; (b) line resistors and infrared temperature
sensor; (c¢) ammeter for AC current measurement; (d) DC electrical load unit, where 1—transformer,
2—inductors, 3—AC load bank, 4—ammeter for AC current measurement, 5—DC electrical load unit,
6—precise voltage source for electronic boards powering, 7—resistors for line emulation, 8—infrared
temperature sensor.

Note that real-world medium voltage systems may differ from the experimental bench.
First, in the experiment we assumed a purely resistive load, which is usually not the case in
real-world medium voltage systems. Medium voltage power lines are the intermediate link
between high voltage transmission lines and low voltage distribution systems. Therefore,
step-down substations are installed at the end of medium-voltage power lines, behind
which low-voltage distribution networks are deployed. In this case, the load power factor
will be lower than the value considered in the experiment. Also, a medium voltage power
line can power a high voltage electric drive. Therefore, the application of the considered
method of converting such power lines is possible. Another difference is that actual power
transmission lines are equipped with protective devices that were not presented in the
laboratory bench. Since the load of the line, in the experimental setup was purely resistive,
the main factor determining the power reserve of the line was the current margin. The
voltage safety factor does not play a significant role under these conditions (see Figure 5).
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We chose an interval of 15 s as a switching period. The active power and amperage of
current transmitted through the DC line were adjusted using a DC electronic load inner
control system. Additionally, three hall-effect current sensors ACS712ELCTR-20A-T were
used. The scoped current curves are presented in Figure 9. As shown, the currents in
Figure 9 look similar to the expected shape currents shown in Figure 3b.
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Figure 9. Experimental results: Waveforms of the conductor currents.

The temperature sensor records instant values of the conductor’s temperature. To
calculate the average value (T,,r) we used the method of slip window with a window of
15 s. The main purpose of the experiment was to compare the conductors’ temperature
when the line carries the maximum allowed AC and DC current. The first stage was to
obtain a specific amperage of current in the three-phase AC line. For this, we adjusted
a load bank to obtain a resistance of 25 () per phase. The line current in this condition
was 0.956 A (Figure 8c). The steady state temperature of the AC line conductors was
slowly drifting in an interval between 45.5 °C and 45.8 °C, as shown in Figure 10. Then
we converted the line emulation to DC and adjusted a DC electrical load unit to obtain
a current 1.41 times higher than the AC line current (according to Equation (3)). During
the experiment, the DC line amperage was 1.349 A (Figure 8d). Then we recorded the
temperature of the conductor for 35 s after reaching steady state. During the recording the
temperature remained between 45.7 °C and 45.9 °C. It is worth mentioning that the mean
values of AC and DC lines temperatures were almost the same. Therefore, the influence
of wire switching on temperature fluctuations at the selected switching period was not
significant.
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Figure 10. Temperature of conductors: Dotted line—three-phase AC transmission; Solid line—
Switching conductors DC transmission.



Energies 2022, 15, 1080

11 0f 14

The power received at the load in the AC case (P4c) was 68.54 W, while in the DC case
(Ppc) was 73.72 W. The ratio between these values was 1.07. This means that the power
line capacity could be increased by 7% by converting the line from AC to DC. At the same
time, the conductors’ temperature in both cases was around the same (drifting in the same
range in steady state). Note that the theoretical analysis presented in Section 2.1.2 showed
that an increase in capacity of 10% was achievable. However, these calculations did not
consider voltage drops across the semiconductors’ convertors, which limited the achievable
increase in capacity using the proposed approach. Finally, Figure 11 shows the instant
voltage recorded on the receiving side of the power line.

66 T
64 | }

62 - ‘ -
Conductor Switching Region
60

58
56

:W\/\W\J\W\WVWJ\/WWMJ\MVNA\,NW \/ JU Aan\ A /\/W'\'\_/\/\_/ Y 2.l 4 A L\f\” Al V\'V';
D atdh hdie ooy Adhandiie n Sans MMW

Voltage (V)

54 - < B
! “Noise Region

52 |-
50 - ’ s

48 1

46 1 L | I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time (s)

Figure 11. Voltage on the receiving end. Output capacitor capacitance is 1880 pF.

During the switching period, the voltage did not change much. Some drizzle noise
recording during conductor switching and a little sag was notable, however no severe dips
were recorded.

4. Discussion

In this work, we have shown the feasibility of converting a three-conductor AC
line to DC with an upgraded power capacity but without voltage uprate. We propose
switching the conductors for full utilization of their thermal margin. The efficiency of the
proposed approach was validated throughout experiments in laboratory conditions. When
considering practical applications, the main issue that needs to be addressed is maintaining
the voltage across the load during the conductors” switching. Two 1880 uF capacitor banks
on both transmitting and receiving ends of the line were included in the experimental
bench to overcome this problem. Another drawback is the lack of calculation accuracy
for real-world applications. To improve precision of the line capacity upgrade, converters’
topology estimation should be considered. It is seen from experiment results that additional
voltage drops and power losses in converters have significant influence on the receiving-
side voltage and, accordingly, on the line capacity. Previous works have evaluated an
increase in line power capacity either due to an increase in RMS current or a decrease in
voltage losses. To the best of our knowledge, no comprehensive approach for assessing the
power capacity of an AC transmission line when converting it to DC has been proposed.
The presented analysis of the conversion efficiency based on a power margin coefficient
considers both current and voltage restrictions. It gives a clear graphic representation of
power capacity gain for needed range of line and load parameters. Further improvement
of the proposed method of analysis could consider additional power losses in converters.
In addition, in future works the efficiency and stability of the proposed method will be
evaluated.
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