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Abstract- The paper presents various control strategies
for an advanced multilevel-based power converter. A
Fuzzy Logic Control, based on power balance constrains
and Proportional Reactive Power control based on a more
rigorous approach, have been proposed. Two different
ways to assign reactive powers have been illustrated for
both the control strategies and then compared in
Matlab/Simulink environment accounting two active
power sets. Finally, advantages and drawbacks of the
proposed strategies have been highlighted.

I. INTRODUCTION

Due to the increasing use of renewable energy
sources and more in general distributed resources, the
electricity distribution scenario is gradually evolving
into an intelligent network type, so-called smart grids.
New challenges in the energy system include not only
the balancing of volatile, largely distributed, small-
volume energy production and consumption, but also
develop smart and integrated networks, which function
as components of a holistic energy system. Such an
evolution needs active networks with interactive
functionalities to integrate multiple energy sources and
services, and enable consumers to use and produce
energy more efficiently. Additionally, this requires new
energy systems, which will enable decisions and the
management of available energy production and
distribution on the local level. A viable option that may
be applied to facilitate the use of smart grids systems is
certainly the implementation of “active nodes” using
advanced specific configurations of power electronics
converters. The active network architecture employs an
increased number of power input nodes that can enable
the direct routing of electricity [1].

Fig 1. Smart energy management structure: overview active node.

Furthermore, the active node enables energy
metering/monitoring as well as data processing from
individual devices to permit the full operational control
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of the overall smart grid node by a Distributor System
Operator (DSO). Fig. 1 schematically the concept of
the smart energy network employing active nodes for
the electricity routing. In this scenario, also due to the
increasingly improved technology in terms of
semiconductor devices and control techniques,
different topologies of power converters have been
developed suitable for this use in different contexts and
at different power levels [2]-[3]. The main goal is to
have a bidirectional power flow between the converter
input/output sides as happens for MV/LV solid-state
transformers. If a DC-Link is available, it is possible to
integrate easily the converter with storage systems thus
becoming a multiport system.
In order to enable a more suitable use of the smart grid,
it will be necessary in the near future to design
advanced multiport converter topologies connecting
simultaneously more users in both AC and DC. Only a
few works focus on the possibility to connect more
than two lines in AC. One of these has come out from
the European project called “Universal and Flexible
Power Management” (UNIFLEX-PM), which has
shown a promising structure to manage the energy
exchanges between three different electricity networks
with a high power quality [4]. The main objective of
the UNIFLEX-PM system is to provide a flexible and
modular power electronic interface able to connect
different kind of sources and loads, including MV
electrical networks and energy storage system. Most of
the studies about such a system concerned on the
converter control techniques [5]-[6]. However, a
fundamental aspect for a DSO is related to the real-
time regulation of the active and reactive power flow.
In [7] a control of Power flow profiles has been studied
in different network conditions, but the UNIFLEX
converter has been allowed to operate with only two
ports. In [8] the limitations that the UNIFLEX
configuration present when the converter works with
all three ports in certain working conditions are
investigated. In such conditions, the authors have
shown that it is not possible to reach a unitary power
factor, as it is necessary to supply a certain amount of
reactive power to ensure the active power demand.
This paper has the aim to study an effective solution to
distribute the reactive power amongst the three ports
when these limitations occurs. In order to be able to
enlarge as possible the operating powers range, two
control strategies have been implemented and verified
through accurate simulation models.



IIL. UNIFLEX CONVERTER

The UNIFLEX converter structure is able to connect to
a variety of loads and/or sources, including renewable
energy sources or energy storage systems and
interconnect multiple utilities in AC. The UNIFLEX 3-
port configuration concept is illustrated in Fig. 2. For
example, one of the possibility is to connect Port 1 and
Port 2 at medium voltage and Port 3 at low voltage.

AC-link
Port1

AC-link
Port 2

AC-link
Port3

Figure 2. Block diagram of the UNIFLEX structure
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Figure 3. UNIFLEX detailed structure

The nominal

parameters

converter are shown in Table I.

of the

UNIFLEX-PM

TABLE I. UNIFLEX-PM CONVERTER RATED PARAMETERS

NAME DESCRIPTION VALUE UNIT
C DC-Link capacitor 3100 [uF]
R Inductor resistance 0.5 [Q]
L AC filter inductance 11 [mH]
pNoM Rated power 5 [MVA]
V,NoM Rated peak value of the AC 3300 [V]
supply on port 1 (line-to-line)
V,NOM Rated peak value of the AC 3300 V]
supply on port 2 (line-to-line)
VAR Rated peak value of the AC 415 V]
supply on port 3 (line-to-line)
VpcNoM Rated capacitor voltage 1100 V]
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A. System limitation overview

As mentioned above the UNIFLEX-PM converter is
expected to control the power flow between the three
ports at any power factor. However, an in-depth
analysis have shown limitations on the power flow
capability [8] which can be highlighted accounting the
simplified model of one phase of Port 1, shown in
Figure 4.
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Figure 4.

Figure 5.

UNIFLEX-PM converter:
simplified model of one phase
of Port 1

Phasors representation of the
simplified model of
UNIFLEX-PM converter
voltages and currents

The AC/DC converter on Port 1 is divided in two
converters: one 3-cell Cascaded H-Bridge enabling
power flow to Port 2 and an H-Bridge connected to
Port 3. As it can be noticed in Figure 6, the operating
areas are divided into four zones according to the
active power on port 2 and 3. The red and green lines
set the active power limits on Port 2 and on Port 3
beyond which a unity power factor operation is not
allowed. In the operating areas A and D reactive
power on Port 1 is not required, whereas, in the
operating areas B and C it is necessary to provide a
certain amount of reactive power [8]. The equations
that link P, and P;, identifying the operative areas, can
be expressed as:

Bound A-B:
Vq
Py_pp = P; (_V - 1) €Y)
MAX
Bound C-D
3Vmax )
P, op=P;|— 2
2-co = Pr (53— @

where Vix identifies the maximum output voltage of
each H-Bridge and v, is the real part of the phasor
While is always possible to control the active power
flow on Port 1, the reactive power on Port 1, O, can be
arbitrarily chosen or imposed to provide enough
circulating current to transport the power between the
converter ports, depending on the operative point. Q;
boosts the current amplitude so that the control is able
to deliver powers demanded by Port 2 and Port 3
associated with the voltage ¥ on Port 1.
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Figure 6. Port 1 operative conditions

However, in this way, the power factor on Port 1 is
obviously degraded. The optimum reactive power
required on Port 1 is located in shaded area in Figure.
5.

III. REACTIVE POWER CONTROL

STRATEGIES

In the literature [8], several methods are proposed
to appropriately share the reactive power:

- Proportional of active and apparent power
- Fixed share

The first option is to consider the apparent power S
proportional to the active power P:

Sy P

s=p=h 3

Replacing the apparent power as

Si = Ipiz‘i‘Qiz

where i is the index refers to the generic port, the eq.
(4) is obtained:

P
&__szl g

Qs P;
Therefore, the reactive power is shared with the same
proportion of the active power on the same port.

Q:=ki Q5 (4

A second option is obtained, whereas the third port is
constituted by a smaller number of H-Bridge compared
with Port 2. In the present case Port 2 is constituted by
three H-Bridge while Port 3 by a single H-Bridge.

As a result, it is possible to write:
Q2 =k; Q3 (5)

where k is the ratio between the amount of H-Bridge
used on Port 2 and those of Port 3.
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Differently from eq.(4), in eq. (5) the ratio is
independent of the value of the active powers. In [8]
[9] it is suggested that having to fix at least two
reactive power values, for example, to fix one of Q;
and one of O, and Q3 obtaining the last reactive power
from one of the proposed methods. However,
considering the simplified circuit in Figure 4 it is
possible to write the equation that links the reactive
power as:

Q1=0:+0Q:+0, (6)
where Q; is a reactive power related to inductor L.
Substituting (4) into (6)
Q=Q:(ky + 1D+ 0Q, (7)
where
_ -0

The same can be done by replacing eq. (5) into eq. (6):

01— 0

%=+

)
Based on (8) and (9), it is evident that it is suitable to
establish O, to derive necessary 0, and Qs values for
the proper operation of the converter.

Iv. PROPOSED CONTROL

Since it is sufficient to use only one of the reactive
power value, it has been chosen to set O; using two
different approaches. The first approach is based on the
Fuzzy Logic Control (FLC), whilst the second
approach sets Q; based on the proportion between the
required active power and the limits defined in Section
IL. In both cases, the Q; value is obtained, whereas Q>
and Q3 are set according to the considerations
mentioned in the previous paragraph. In Figure 7,
overall block diagram of proposed reactive power
control is shown, where the logic control block
identifies either of the two approaches mentioned
above (FLC or proportional reactive power), and O2,
03 calculator block is representative of eq. (3) and (7)
for k; value and eq. (5) and (9) for £ value.
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Figure 7. Block diagram of proposed reactive power control for
UNIFLEX-PM converter



A. Method I - Fuzzy Logic Control

The first method uses a fuzzy logic control, which
aims to convert the control rules based on expert
knowledge into a defined control strategy. It can be
well suited to control systems with un-modeled
dynamics. A Fuzzy Logic Control (FLC), based on the
constrains deduced from Fig. 6, are implemented using
the dedicated Matlab/Simulink tool. Two inputs have
been defined for the Fuzzy Controller: active power on
Port 2, P,, and active power on Port 3, P;3, to follow the
working conditions represented in Fig. 6. The output of
the fuzzy controller is the reactive power on Port 1.
According to the rules written in the specific editor and
shown in Table II, the controller takes the action and
governs the amount of reactive power on Port 1 when

the limitations (1) and (2) show in Section II occur.
TABLE II. FUZZY RULES TO SET Q,

P Ps 0 P P; 01
PB PB VA PS PB M
PB PS VA NS NB M
NB NS Z PS NS M
NB NB VA NS PS M
PS PS L PS NB H
NS NS L NS PB H
PB NS L PB NB H
NB PS L NB PB H

In Table II letters P and N identify a positive and a
negative values respectively; letters B, M and S
identify a big, medium and small values respectively;
and finally letters L, H and Z identify a low, a high or
zero values. In Q; column, high value is set to 3-70*
VAr, medium value is set to 2:10° VAr and low value is
setto 1-10° VAr.

B.  Method 2- Proportional Reactive Power

The method sets the reactive power on Port 1 based on
the limits set specified in equations (1) and (2). In
particular, when the active power P is less than the
limit, the reactive power (; is set according to the
following relationship:

Q1 = |P; — Py (10)

where P, represents the limits specified in the
equations (1) and (2). In fact Q; is proportional to the
difference between P> and Pz, hence the method name
Proportional Reactive Power [PRP].

V. SIMULATION RESULTS

Different tests have been performed in
Matlab/Simulink environment accounting the two
different power sets listed in Table III. The power set 1
is located in area B of Figure 6, while the power set 2
is located in zone C. In zone A and zone D, as
mentioned in section II, it is not necessary to provide
reactive power on Port 1; therefore, no power sets in
these areas have been considered.
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In Table I1I, k; and &, parameters are also indicated for
the various sharing methodologies set out in section III.
All simulations show the reactive power on all three
ports in a range from 0.3s to 0.7s. In particular, in the
range between 0.3s and 0.5s, the simulations are
performed by setting 0, and Q; according to k; ratio,
while in the interval 0.5s - 0.7s simulations are
performed according to & ratio.

TABLE III. SET OF ACTIVE POWERS USED FOR THE

SIMULATIONS
P P> P3 ki1 k2
[kW] | (kW] | (kW] | 0.3s—0.55 | 0.55—0.7s
SI‘” 115 | 45 70 0.6 3
s;’ 85 | -135 | 50 27 3

A. Method I - Fuzzy Logic Control
The following simulations have been performed with
fuzzy logic control (FLC).

- POWER SET 1
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Figure 8. Reactive power Q; on Port 1 with FLC for power set 1
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Figure 9. Reactive power O, on Port 2 with FLC for power set 1
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Figure 10. Reactive power Q; on Port 3 with FLC for power set 1
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Figure 11. DC link voltage in phase A with FLC for power set 1
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Figure 12. Reactive power Q; on Port 1 with FLC for power set 2
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Figure 13. Reactive power O, on Port 2 with FLC for power set 2
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Figure 14. Reactive power Q5 on Port 3 with FLC for power set 2
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Figure 15. DC link voltage in phase A with FLC for power set 2

A. Method 2- Proportional Reactive Power [PRP]
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Figure 16. Reactive power Q; on Port 1 with PRP method for power

set 1
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Figure 17. Reactive power Q; on Port 1 with PRP method for power
set 1
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Figure 18. Reactive power Q5 on Port 1 with PRP method for power

set 1
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Figure 19. DC link voltage in phase A for power set 1
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Figure 21. Reactive power O, on Port 1 with PRP method for power

set 2
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Figure 22. Reactive power Q; on Port 1 with PRP for power set 2
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Figure 23. DC link voltage in phase A with PRP for power set 2
VL DISCUSSION

The value of Q; with the fuzzy control (Fig. 8) is
about 65 kVAr, while it is of about 44 kVAr with the
PRP method (Fig. 16), consequently the power factor
on the Port 1 is better in the latter case. The reactive
power ripple is lesser than 4%. Regarding the k; and k>
parameters, it can be observed that with this powers
sets, they are very different; k£,=0.6 and £ is fixed to 3.
Comparing Figure 11 and Figure 19 it can be observed
that for the first set of powers and for both the
proposed control methods and k values, the ripple on
the H-Bridge of the Port 3 is higher than other ports of
about 15 Volts peak (less than 1.4%). During the time
interval between 0.5s — 0.7s, when the ratio between Q>
and Qs is equal to 4, the ripple is slightly lower, than
the previous time interval relative to the constant k;.
The average value of V. referred to the fourth H-
bridge (which feeds Port 3) is about 1115 V with
respect to nominal 1100 V, while the remaining HB
remain to the average value of 1100 V.

TABLE IV. POWER FACTOR OBTAINED FROM THE
SIMULATIONS WITH FUZZY LOGIC CONTROL AND
PROPORTIONAL REACTIVE POWER CONTROL

FUZZY LOGIC CONTROL

PF, PF, PF;

K; SET 1 0,87 0,87 0,87
K; SET 2 0,43 0,72 0,72
PF, PF;

K:SET 1 0,87 0,67 0,97
K>SET 2 0,43 0,71 0,75

PROPORTIONAL REACTIVE POWER

PF, PF, PF;

K;SET 1 0,94 0,94 0,94
K; SET 2 0,23 0,46 0,46
PF, PF;

K>SET 1 0,94 0,81 0,99
K>SET 2 0,23 0,45 0,49

Analysing the second powers set, it is observed that the
ripple on the V., for all H-Bridge, is greater in PRP
control than the FLC control, regardless of the value of
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the constant of proportionality between O, and 03,
which in any case is very similar in both controls
(k=2.7; k>=3). Q; value, calculated with FLC, is
halved compared with the same value calculated with
PRP control, which leads to a clear improvement of the
power factor in the case of FLC. By observing Figure
14 and Figure 22, it can be noticed that the reference of
reactive power on the Port 3 is tracked more closely
using the FLC control. In these conditions, it can
certainly asserted that the FLC control shows better
performance than the PRP control. Table IV illustrates
the power factor obtained from the simulations
presented in section V.

VIL CONCLUSION

Several reactive power control strategies have been
presented for the UNIFLEX-PM 3-Port conversion
system. A Fuzzy Logic Control, based on power
balance constrains, and a Proportional Reactive Power
control, that sets the value of reactive power on the port
one basing on a more rigorous approach. Two different
ways to assign reactive power on the Port 2 and on Port
3 have been illustrated for both the control strategies
and then evaluated in Matlab/Simulink environment
accounting two active power sets. The analysis has
shown that, with all the proposed strategies, it is
enough to fix only a value of reactive power instead of
fixing two values of reactive power. It has been also
highlighted that under certain working conditions, the
FLC control provides better performance than the PRP
control, while in other working conditions, the PRP
control performs better. Thus, the development of a
hybrid control strategy that integrates itself both the
proposed methodologies will be the aim of a future
work.
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