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Abstract: A power router has been recently developed for both AC and DC applications
that has the potential for smart-grid applications. This study focuses on three-phase
power switching through the development of an experimental setup which consists of a
three-phase direct AC/AC matrix converter with a power router attached to its output.
Various experimental switching scenarios with the loads connected to different input sources
were investigated. The crescent introduction of decentralized power generators throughout
the power-grid obligates us to take measurements for a better distribution and management
of the power. Power routers and matrix converters have great potential to succeed this goal
with the help of power electronics devices. In this paper, a novel experimental three-phase
power switching was achieved and the advantages of this operation are presented, such as
on-demand and constant power supply at the desired loads.
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1. Introduction

Distribution power-grids are undoubtedly one of the most complex systems humanity has ever created.
Their structural vulnerability is a crucial factor [1] and the introduction of smart-grids and renewable
energy sources has increased the difficulty of the analysis [2] since many parameters have to be taken
into consideration in contrast with the straight-forward classic power supply. This increase in complexity
requires new methods of power routing. In other words, it is obvious that power management is
necessary in order to perform an effective power routing of this vast amount of newly incorporated
renewable resources.

The initial stage of a power router has already been developed for DC applications [3] where the
power is transferred on demand from the desired source to the desired load. This is now expanded to
include AC applications [4,5] with circuit switching of two power lines and multiple routers in both
parallel and series configurations, i.e., an AC power routing network system can be created. The purpose
of this project is to create a power network that can be readily adapted to the existing one, and can
ultimately provide better regulation, distribution, and transmission of power. Power packet dispatching
systems [6] and intelligent power switches [7,8] have also been investigated for the purpose of improved
power delivery. The feasibility of the power router requires further testing for practical applications;
however, this study is aimed at demonstrating the feasibility of power router switching in three-phase
systems. Such a system is investigated in this work because three-phase systems are commonly used in
the majority of power-grids.

Another emerging technology for power systems is the matrix converter [9], which also has potential
in applications with renewable resources and smart-grids [10–12] as it can convert energy like a classic
transformer but also offers other advantages such as control of bidirectional power flow and better
isolation [13,14]. Previous studies have already experimented with a matrix converter [15] and AC
conversion [16], and the combination of both in a single apparatus is a natural extension of this research.

Matrix converters have the potential to be an essential part of the power electronic transformer
(PET) [17,18] as a crucial means of coordinating between centralized and decentralized control, as
also one of the “great challenges” of the power systems mentioned in [19]. The conventional way
of transformer reaches the end of its era with the constant development of power electronics and the
introduction of matrix converter and PET. Matrix converter has shown good efficiency results with
the use of SiC devices in higher switching frequencies [15], fact that allows the replacement of the
classic transformer by matrix converter topologies. Furthermore, a matrix converter with high frequency
transformers has already shown its superiority versus the conventional ways as in [20,21]. PET has
the possibility of achieving this challenge since it implements power electronics devices that can easily
function under control. Other great advantages of PET include reduction of the overall size and cost [22]
by implementing high frequency operation. It is important to mention, that in the final PET design other
issues have to be taken into consideration such as voltage insulation, core size, flux densities, etc. [23].

This paper consists of four sections including this introduction. Section II of this paper describes
the power router and matrix converter, and how the overall circuit is assembled. Section III describes
the experimental and simulated results for various switching scenarios. The final section presents
our conclusions.
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2. Matrix Converter and Power Router

With the power control being increasingly decentralized, we consider the case of an area where
power routers can be installed in every house or commercial facility, as shown in Figure 1. The
utility-grid is linked to the smart-grid through the point of common coupling (PCC) with various loads
and decentralized power generators (DPG) distributed throughout the latter smart-grid. The introduction
of power routers, represented by the red blocks, enables the partitioning of the smart-grid into smaller
segments, called micro-grids.

SMART-GRID

DPG

DPG

DPG

DPG

Figure 1. Smart-grid schematic. Power routers are distributed throughout the smart-grid
(red blocks) partitioning it into smaller parts called micro-grids. Connection with the
utility-grid is achieved at the point of common coupling (PCC). The conventional PCC (bulk
transformer) will be replaced by a power electronic transformer (PET) which is smaller and
more effective than the conventional one. The decentralized power generators (DPG) can be
wind generators, solar cells, batteries, electric vehicles, etc.

The PCC is conventionally a bulk transformer that can transform the medium level voltage supply
to low voltage supply. The introduction of PET [24,25] however leads to better regulation and
control of the bidirectional power flow between the utility- and smart-grids. A possible PET assembly
compromises two AC/AC matrix converters with a high frequency link wherein a compact electronic
transformer is installed. Various PET topologies have been compared in previous literature [26] and the
efficiency superiority of high frequency transformer versus the conventional low frequency one is
investigated in [27].
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Power routers, which can be distributed according to the load-demand, can perform switching to
connect particular loads with the desired input sources. We assume the routers and matrix converters to
have m inputs and n outputs, as shown in Figure 2. The matrix converter receives the input phases
from the utility-grid and outputs them to the power routers installed on the smart-grid which may
also receive power from DPGs. One or more routers together can form a micro-grid according to the
localized control system needs. This study considers the most common case scenario of a three-phase
system. Therefore, we will scale down our experiments to only three-phases. It can be understood from
Figure 2 that the power routers can form a power network that will be consisted not only from power
utilities but also from information ones. This can also be described as a next step towards the so-called
Enernet [28,29], where the electrical power (i.e., electrical energy) can coexist with the information
(i.e., internet, communications, etc.) [30]. Another important part is to distinguish the roles of matrix
converter and power router. Matrix converters have the ability to replace the bulk transformers by
offering active control of the point of common coupling. That is the main reason a matrix converter is
used in this experimental work. On the other hand, the main focus is on power line switching with the aid
of power routers.
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Figure 2. Generalized idea of matrix converter and power routers. All can have multiple
input/output ports and various decentralized power generators (DPG) are distributed within
the smart-grid.

The matrix converter has already been studied through both simulation and experiment from the
authors [15]. This is called direct topology and its main difference from the indirect one is the lack of
the DC link. Several advantages of the DC link have been proposed for better power quality such as
in [31]. On the other hand, the authors’ goal is mainly focused on a solid-state solution with no DC
link for more compact final design. The behavior of the combined power router and matrix converter
represents the next step towards the implementation of a system of PET with power routers. The system
into consideration is shown in Figure 3. A three-phase voltage source feeds nine bidirectional switches
with power supplied through the input filter. Ideal switches can be considered for the simulations but in
the experiment two power MOSFETs with their sources connected can form a bidirectional switch. After
the output filter, the lines are distributed to the inputs of the power router. It is important to note that a



Energies 2015, 8 3038

power router has several inputs. Apart from the three-phase utility-grid sources, renewable energy power
sources could also be connected with the power router. This is exactly where the advantage and the full
potential of the power router lie on. It can accordingly distribute the supplies to the equivalent loads by
ensuring constant power at certain loads. In addition, it can use DPGs to their maximum capacity by
ensuring a not overloaded utility-grid as well as a novel and agile power delivery.

Figure 3. Simplified circuit topology of the direct matrix converter and the power router
attached to its output. Both are three-phase input/output systems. The switch groups for
state 1 and 2 of Table 1 are also obvious.

Table 1. State 1 is the steady state before switching. Each load is fed with a
different phase-to-phase voltage after switching (State 2). AB, BC, and CA refer to the
phase-to-phase voltages.

Load No. State 1 State 2

1 AB CA
2 BC AB
3 CA BC

The matrix converter utilizes the Venturini control modulation [32] described in [33]. This modulation
creates an output voltage via the feedback of the input and target output voltages. As it was mentioned
in the beginning, PET usually performs medium level voltage transformation into low level voltage
(e.g., 6.6 kV to 100 V). In this paper, since the limitation of facilities at high voltage in laboratory,
test level voltages are applied. As a result for the sake of equivalency in the experimental setup, the
input voltage is set to 10 V and the voltage ratio of the matrix converter is set to 0.1 so that the output
voltage of the converter is 1 V. Keeping the generality of discussion, let us consider the system base
for both experiment and simulation results represented in per unit quantities. The LC filters are included
in order to cut off any high frequency harmonics and are set as follows: L = 33 mH, C = 180 µF,
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Load1,2,3 = 15 Ω with the line resistances of a few Ohms for the sake of device protection. The
switching frequency is set to 24.4 kHz and the pulses are digitally created utilizing a field programmable
gate array (FPGA).

As it was mentioned before, smart power distribution, circuit switching, and constant power delivery
to the desired loads are very challenging and important tasks. Ideally, all loads should have the capability
of being fed with power from more than one input source. This basic switching scenario is also shown
in Figure 3. The switches of the power router are separated into two groups. At first, the purple switches
are on, and state 1 is set to the output. State 2 is set according to Table 1 during which the blue switches
are on after the moment of switching. The loads are always fed with power but from different sources
after the switching. The experimental prototype power router is shown in Figure 4. The line connections
of the power cables are also schematically presented. Power router has four inputs and eight outputs
and each input can be programmed to be outputted at one of its equivalent two outputs. Power line
communication (PLC), which is the black box in the photograph, is used for controlling the power router
through a personal computer. As Figure 4 shows, a power router input is considered to be a matrix
converter output phase-to-phase voltage. When switching is performed such that a line is considered to
fail, the equivalent phase-to-phase voltage is not reproduced at the output of the power router.

Figure 4. Experimental prototype power router and connection setup of input and output
phases. This power router can be fed with up to four input sources and has eight outputs.
For example, input 1 can be outputted at port A1-A2 or B1-B2 by the equivalent control.
The last input of the power router is unconnected since three-phase switching is desired.

The power router specifications are a maximum operating voltage of 100–200 Vrms, continuous
maximum power of 1 kW, and with Si-MOSFETs implemented as switches (450 V, 17 A). Increase
of maximum power can be succeeded by implementing wide-bandgap SiC devices and such power
routers are under development by our research group. Every ideal switch has to be implemented with the
combination of two power MOSFETs. An insight figure of the power router is shown at Figure 5. How a
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single input phase can be transmitted to either of the two possible outputs is shown in the low part of the
figure. Four bidirectional switches with their equivalent drive circuits are the main parts of the system.
On the top, one of the bidirectional switches with its control circuit is graphically represented. It is
obvious that the two MOSFETs have their sources connected so that only one drive circuit is sufficient.
A photocoupler is the main responsible circuit for the bidirectional switch control. The combination
of output ports among the different switch circuit units realises the circuit switching function of the
power router. The design of the power router has scalability since the change of the number of switching
circuit units does not affect the generality of the function. The following experimental results, although
performed in test level voltages, can be scaled to higher voltage setup when the device ratings and power
capacities are increased.
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Figure 5. Power router switch layout and how a single input is transmitted to either of the
two available outputs.

Although the isolation can be achieved in the PET topology, it can also be achieved in the topology
of Figure 3 and especially of that of Figure 2. This ability is based on the power routers. The input of
the system, i.e., the matrix converter, can be isolated in case of an emergency if the equivalent power
router disconnects from its loads. As a result, the operation of the input and the other power routers can
remain safe.

3. Results and Discussion

In the beginning, the scenario discussed in the previous section will be presented. It is a three-phase
switching during which all the loads are connected to different inputs. In particular, Table 1 shows
load 1 which is initially connected to phase AB, but after switching it is connected to phase CA. Load 2
switches from BC to AB, and load three switches from CA to BC. The experimental results are shown
in Figure 6a. In the small circuit diagram, the colored lines indicate the line connections after switching
and refer to the phase-to-phase voltages. The experimental result is also confirmed from the simulations
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in Figure 6b. If the practical system is considered (medium level voltage at 6.6 kV and low level voltage
at 100 V) then 1 p.u. corresponds to 100 V. The simulations are generated from a Simulink Matlab model
based on Figure 3.
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Figure 6. (a) shows the experimental three-phase switching based on Table 1. The loads
are fed with power but from different sources after power routing. (b) is the simulation
verification. There is good correspondence between the two methods.

Various switching scenarios were further tested. Instead of a phase-to-phase voltage from now on,
we will just refer to phase A, B, and C for the sake of simplicity. For the case of a critical load in
phase C (load 3), phases B and C are disconnected from the output representative of a system failure.
In this case, switching between phases A and C should take place as shown in Figure 7a. The voltage has
been maintained at output C as a result of the succesful power routing. Verification of the experiment
is shown in the simulation of Figure 7b. There is a small overvoltage in the output of power router
after the moment of switching, which is possibly due to a resonance between the power router and
the output filter of the matrix converter. On the other hand, some line resistances have been installed
in the experimental power router input for its protection and also for the suppression of such kind of
undesired transients.
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Figure 7. (a) shows the experimental switching with one critical load and failure in 2
power router outputs. The critical load is successfully fed with power; (b) is the simulation
verification. Small transients at the moment of switching caused by resonances between the
power router and matrix converter output filter.
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The final switching scenario is as shown in Figure 8a. In this case, phase B fails but load 2 is
successfully fed with power due to switching with phase A. Phase C on the other hand feeds load 1 in
phase A after power switching. In this case, load 3 has no power but the other two loads are successfully
functioning. The transients are more obvious here, as shown in Figure 8b simulation results. Currents
show similar behavior since we are experimenting with resistive loads.
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Figure 8. (a) shows the experimental power switching in a three-phase load while there
is one failure in a power router output and two line switchings; (b) is the simulation
verification. The transients become apparent at the moment of switching. Line resistances
in the experimental power router inputs were implemented to ensure safe operation.

In general, power router realizes the switching between two input lines at the moment when the two
powers of these lines are equal in order to achieve soft-switching and reduce the power losses. During
the above experiments however, several switchings are simultaneously performed so that hard-switching
was also implemented. The Simulink model implements hard-switching techniques in all cases.

Future studies should include the investigation of new control methods with faster and lower power
loss switching, as well as power routing with both DC and AC sources. Investigation of unbalanced
input sources is also of great importance as the majority of loads throughout the grid are unbalanced.
The matrix converter creates an unbalanced output supply and power routing is performed as shown in
Figure 9. There is also a characteristic delay between the switching due to the fact that the power router
is unable to function properly for some msec due to the voltage imbalance (i.e., power imbalance), but in
the end it performs the necessary switchings. As it was mentioned before, power comparison decides the
moment of switching. The unbalanced scenario creates unbalanced powers so as a result the comparison
between them is a more complicated task for the control unit which is based on a more symmetrical
scenario. We are currently working on such topics such as this delay reduction in order to reduce the
switching losses. Load imbalance scenarios for power router are also investigated in [5]. In addition,
the control modulation should cooperate with the power router so that matrix converter can create the
desired voltage amplitude and phase correction according to the power need of each load. The main next
topic is the inclusion of a PET in this system and the investigation of dynamics of the overall system.
In detail, research remains to be done as far as the practical materials and engineering problems of PET
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are concerned including isolation, devices, and so on. These are the future problems as the history of
conventional power apparatuses.

Figure 9. Experimental power routing for unbalanced sources. Power router can
successfully make the switching but there is a characteristic delay between switching caused
by this voltage imbalance.

4. Conclusions

This paper demonstrates a novel three-phase power routing. An experimental prototype power router
was used with a direct AC/AC matrix converter. The overall system was tested under various switching
scenarios and was successfully operated. Matrix converters and power routers will constitute the next
generation of power-grids so that their investigation in a unified system is critical. The overall system
successfully performed power routing but with some delay in the unbalanced sources scenario.
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