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Abstract—This paper presents the experimental validation of
a unified three-port topology, integrating a renewable energy
source (RES) and an energy storage system (ESS) (or an electric
vehicle) with the grid-interface operating as active power filter
(APF). The proposed topology is based on a three-phase
grid-interface (whose role is to operate as a APF grid-tied
inverter capable of compensating current harmonics, imbalanced
currents and low power factor), on a RES-interface for solar
photovoltaic (PV) panels (whose role is to extract the maximum
power from the PV panels), and on an ESS-interface for batteries
(whose role is to store/inject energy according to the power
management of the electrical installation). The paper presents the
control algorithms for each interface within the scope of the
different operation modes allowed by the unified three-port
topology. Simulation and experimental results are presented in
order to validate the distinguishing aspects of the proposed
unified three-port topology.

Keywords—Renewable Energy Source,
System, Power Quality, Active Power Filter.
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L INTRODUCTION

Most human activities depend on the use of electricity,
therefore, as a basic need, it is important to develop new
approaches not only to reduce costs, but also to produce and to
manage electricity that meets the demand at all times. As the
fossil fuels have harmful consequences in terms of
environmental issues, the introduction of renewable energy
sources (RES) has been contributing to transform the power
grid [1][2][3]. However, in the perspective of compensating
the intermittent power production from RES, the collaborative
and effective integration of energy storage systems (ESS) is
fundamental [4][5], as well as with electric vehicles [6]. The
cooperation of RES with ESS is relevant, but the integration is
performed through independent power converters (i.e., using
independent grid-tied converters in terms of hardware
resources) [7][8]. Moreover, this integration is performed at
residential and industrial levels, where linear and non-linear
loads are also presented with specific operating behaviors [4].
Therefore, additionally, the installation of an active power

filter (APF) is fundamental to guarantee high levels of power
quality from the power grid point of view. Consequently,
based on this conventional approach, three distinct power grid
interfaces (i.e., RES, ESS, and APF) are mandatory in the
interface with the power grid [5]. However, analyzing in more
detail, it is possible to identify that very similar grid-tied
converters can be considered for the three cases. Therefore, the
challenge is to use a single grid-tied converter, but with a
shared dc interface since RES and ESS are naturally dc.
Besides, the operation of the grid-tied converter as APF is
independent of the dc-link operation, since it only needs to
deal with the active power transactions between the power grid
and the dc-link.

In this context, this paper proposes a unified three-port
topology integrating a RES (solar PV panels) and an ESS
(batteries) through a common dc-link with a single
grid-interface (three-phase power grid). Regarding the
grid-interface, it can operate as: (a) Active rectifier (absorbing
power for the ESS); (b) Grid-tied inverter (injecting power
from the RES or from the ESS); (c) APF combined or not with
the operation as active rectifier or as grid-tied inverter. Similar
concepts are already identified, mainly only based on the
possibility to interface RES through an APF as demonstrated
in [10][11][12]. A unified three-port topology is proposed in
[13], but for single-phase installations. A multifunctional
topology is validated only with simulations in [14] to interface
RES and ESS with a single-grid interface, but it is a three-wire
topology, which is limitative for operating in compliance with
power quality standards. A computer simulation of a
multifunctional system also to interface a RES and an ESS is
presented in [15], but with the disadvantage that the ESS is
connected to the dc-link without any dc-dc converter.
Similarly, a computer simulation of a multifunctional system
also to interface a RES and an ESS is presented in [16], but in
this case the RES is connected to the dc-link without any de-dc
control converter. Taking into account the existing solutions,
the main advantages of the proposed unified three-port
topology are: (a) Three-phase four-wire topology, which can
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Fig. 1. Structure of the unified three-port topology integrating a renewable and an energy storage system with the grid-interface operating as active power filter.

compensate all the power quality problems related to currents;
(b) Individual control of the RES interface and ESS interface
using three-level de-de structures; (¢) Experimental validation
of the unified three-port topology. Moreover, the proposed
topology integrates RES and ESS systems with the
grid-interface operating to improve the power quality in terms
of the grid currents. However, it can also be used to electrical
mobility applications, namely electric vehicles. The structure
of the proposed unified three-port topology is shown in Fig. 1.

II. UNIFIED THREE-PORT TOPOLOGY:
CONTROL ALGORITHM

This section presents the control algorithm of each
individual interface used in the unified three-port topology.
The grid-interface consists of a three-phase four-wire
bidirectional ac-dc converter, whereas the multilevel dc-dc
converter is composed by two interfaces: a unidirectional used
for the RES and a bidirectional used for the ESS. This unified
three-port topology integrates these three interfaces with a
common characteristic of having a single dc-link, without
affecting the characteristics of each converter. The proposed
system operates in different operation modes according to the
battery modes (charging/discharging) and the energy delivered
by the PV panels.

A. Bidirectional Grid-Interface

The bidirectional ac-dc converter is responsible for
controlling the grid-interface and the dc-link, i.e., the
grid-interface currents and the dc-link voltage. As shown, the
topology is based on a four-wire three-leg voltage source
structure, presenting the advantage of compensating the

neutral current without using an additional fourth leg [18].
According to the state of each switching device (IGBTs in the
developed prototype), this converter can produce three voltage
levels (-va, 0, “+va). The current references for the
grid-interface are calculated according to equation (1):

\/2— Pac + ppv + Pbat + Pioad
3 Vo

where Vg, is the RMS grid voltage and iy the load current. As
shown, the operating power is given by the sum of four
individual powers: (1) Power necessary for the dc-link
regulation (p«); (2) Power from the RES-interface (PV panels)
(ppv); (3) Power of the battery charging or discharging (psur);
(4) Active power related with the operation of the loads (pioaq).
The power (pac) necessary to regulate the dc-link voltage (vac)
to the reference voltage (v is obtained through two
proportional-integral (PI) controllers, where each of them is
used for each grid half-cycle (v4; is controlled to v.."/2 when
vg > 0 and v is controlled to va."/2 when vg < 0).

%
lfx =

Pux =l (1)

Depending on the operation mode of the bidirectional
dc-dc converter (RES-interface and ESS-interface), the power
demanded by the batteries (psa) is positive or negative (when
the batteries are charging, ps« is positive and when the
batteries are delivering power to the grid, ps is negative). The
active power (puaq) of the loads is obtained through the
calculation of the load instantancous power followed by a
low-pass filter and it is used in order to mitigate the harmonic
currents in the power grid. The four power components are
used to calculate the reference currents through the
Fryze-Buchholz-Depenbrock (FBD) power theory.



Comparatively to the p-g theory [17], the FBD theory is
characterized by its simplicity due to the reduced number of
calculations needed [19][20][21]. Moreover, in order to avoid
the harmonic distortion of the grid voltage into the grid
currents, for the calculation of the reference currents (ix"), the
fundamental component of each grid voltage (pix) is used. This
is obtained using a phase-locked loop (PLL) algorithm
presented in [22].

In order to control the currents on the grid-interface, a
digital predictive current control was used. Equation (2)
presents the digital predictive current control algorithm used
for controlling the currents produced by the APF (iy):

L. )
Veax = ng[k] - F(lfx[k] - lfx[k]): 2

where ve. 1s the reference voltage that the APF must
synthesize for phase x (x = {a, b, c}), at the instant £, in order
to control the current of the APF. On the other hand, ve[k] is
the instantaneous grid voltage, ix [k] is the reference current of
the APF and ix[k] is the instantaneous current produced by the
APF. Afterwards, the gate signals of the IGBTSs are obtained
using a sinusoidal pulse-width modulation (SPWM) technique,
where a 20 kHz triangular carrier is used.

B. Bidirectional ESS-Interface

As mentioned above, the bidirectional ESS-interface is
responsible for exchanging power between the dc-link and the
ESS. It operates continuously and allows to charge and
discharge the ESS with constant current or voltage (CC-CV
method), depending on the operation mode. Besides, in
accordance with the state of the IGBTsS, this converter assumes
three different voltage levels [23]. During the battery charging
mode, the voltages synthesized by the dc-dc converter are
determined as follows:

Ly+ L, . .
Veonv_dc3 [k] = Vbat -2 T. = (lL3 [k] — U3 [k - 1]) , (3)
s
Ly+ L
Vconv,dctl[k] = Vbat - > T 2 (iL4-[k] - iL4[k - 1]) ’ (4)
s

The control signals for the IGBTs Sy and S, are the result of
the comparison between the synthetized voltages with two
triangular carriers 180° phase shifted, similarly to an
interleaved converter. On the other hand, when it is intended to
discharge the batteries, and, thus, inject power into the grid,
the voltages synthesized by the dc-dc converter are established
as follows:

Ly+ L, . .
Vconv_dc3 [k] = Vbat - T - (1L3 [k + 1] — U3 [k]), (5)
s
L+ L
Vconv_dca k] = Viar — 2 T : (ipalk + 1] = ipalkD), (6)
s

In this operation mode, the control signals for the IGBTs Sy
and S;; are also obtained comparing the synthetized voltages
with two triangular carriers 180° phase shifted.

C. Unidirectional RES-Interface

The unidirectional RES-interface is responsible for delivering
the power from the RES to the dc-link. It operates

continuously and it is controlled with the aim to extract the
maximum power delivered by the PV panels, through a
maximum power point tracking (MPPT) algorithm,
incremental conductance in this case. Also in this case, the
state of the IGBTs can be selected in order to the dc-dc
converter operates with three different voltage levels [23]. The
output voltages of the converter, Veon der and Veon dc2, are used
in a fixed frequency predictive control. Applying the Euler

method, it can be established the following digital
implementation:
Li+ L
Veon_actlk] = Voo == (ualk + 1] = isa[KD), @)
N
Li+ L
Uconv_dcz[k] = Vv — ! - (iLz[k + 1] _iLZ[k])' (8)
N
where ir/[k+1] and ip[k+1] are the currents that are

synthesized in instant [k+1], representing thus, the reference
currents. The control signals for the IGBTs S7 and Ss are
obtained by comparing the synthesized voltages with two
triangular carriers 180° phase shifted.

III. UNIFIED THREE-PORT TOPOLOGY:
SIMULATION RESULTS

This section presents the main simulation results of the
proposed unified three-port topology, which were obtained
using the software PSIM 9.1. Fig.2 shows the simulation
results of the unified three-port topology operating in six
modes: (a) Operation just as APF; (b) Operation as APF and
with the ESS in the charging process; (c) Operation as APF
and with the RES; (d) Operation as APF and with the ESS in
the charging process and with the RES; (e) Operation as APF
and with the ESS in the discharging process; (f) Operation as
APF and with the ESS in the discharging process and with the
RES.

Fig. 2 shows, for phase a, the power grid voltage and
current (Vea, iga) during the different stages. It is represented
the phase a as exemplificative. The power exchanged between
the loads, the power grid, the RES (PV panels) and the ESS
(batteries) are also shown in Fig. 2, where pg, prar, Ppv, Pioad are,
respectively, the power in the grid-interface, the power in the
ESS-interface (batteries), the power in the RES-interface (PV
panels), and the operating power of the load. During the first
stage (from 0.26 s to 0.4 s) the system is operating as APF,
where before the compensation the phase a grid current
contains a high harmonic component with a total harmonic
distortion (THDy,) of 18.97%. After the compensation (at
0.3 s) the grid current is sinusoidal and in phase with the phase
a grid voltage with a value of 16.9 A and a THDy, reduced to
5.18%. Moreover, as it is possible to see, the consumed grid
power (pg) is equal to the power requested from the loads
(Pioad), 11.67 kW. In the second stage (from 0.4 s to 0.5 s) the
system is controlled to compensate the power quality current
problems in the power grid, which are introduced by the loads
(harmonics and low power factor) and to discharge the
batteries with a constant power, injecting approximately
1.5 kW into the power grid. Therefore, the grid power (pg) is
given by the difference between the load power (pias) and the
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Fig. 2. Simulation results of the unified three-port topology: phase a grid voltage (v,,) and current (igz,), power consumed by the loads (piaq), power supplied by
the power grid (p,), power supplied by the PV panels (p,,) and power in the batteries ().

batteries power (psar). During the third stage (from 0.5 s to
0.6 s) the system is responsible for extracting the maximum
power from the PV panels and for injecting it in the power
grid, while simultaneously compensating the power quality
issues. The grid power (pg) is the difference between the load
power (puad) and the PV power (p,,). During the fourth stage
of operation (from 0.6s to 0.7s) the APF controls the
extraction of the maximum power from the PV panels and the
discharging of the batteries for being injected into the power
grid. Therefore, the grid currents are sinusoidal and balanced
with a RMS value of 13 A and the grid power (pg) is
approximately 9 kW, which is given by the load power (piaq)
subtracted by the PV power (p,y) and the batteries power (ppar).
During the fifth stage of operation (from 0.7 s to 0.8 s) the
power flows from the grid-interface to the ESS-interface and
the current problems of the power grid are compensated. Thus,
the batteries are charged with a constant power of
approximately 570 W and the grid power (py) is the sum of the
power consumed by the loads (pi.s) With the batteries power
(prar). The last stage (from 0.8 s to 0.9s) controls the
extraction of the maximum power from the PV panels, which
is used to charge the batteries and the surplus is injected into
the power grid. Therefore, the grid power (pg) is the difference
between the sum of the load power (pias) With the batteries
power (pra) and the PV power (p,v). In all the operation
modes, the APF is responsible for balancing the currents and
compensate the current harmonics and the power factor of the
electrical installation.

IV. UNIFIED THREE-PORT TOPOLOGY:
EXPERIMENTAL VALIDATION

The developed prototype is presented in Fig. 3, where the
main characteristics are presented in Table I. The ac-dc
converter is composed mainly by three IGBT modules
(SKM100GB12T4 from Semikron), three IGBT gate drivers
(SKHI22 A (R) from Semikron) and by passive filters
(capacitors from the split dc-link and inductors to connect the
converter in parallel with the power grid). The de-dc converter

is composed by four IGBT modules (SKM50GB063D from
Semikron), where two of them are used to interface with the
ESS, whereas the remaining two modules are used to interface
with the PV panels (although only two IGBTs are used, while
in the other module are only used the antiparallel diodes).
Moreover, the de-dc converter is also formed by inductors to
interface with the PV panels and with the batteries. On the
other hand, the developed control system is composed by
voltage sensors (CYHVS5-25A from Cheng Yang) and current
sensors (LA-55P from LEM) and is based on the DSP
TMS320F28335 from Texas Instruments. The main
experimental results were obtained with a Yokogawa DL708E
oscilloscope. It was used as load a three-phase diode rectifier
with a RC filter, whose R value is 52 Q and C value is 705 pF,
in series with imbalanced resistive loads, whose values are
52 Q, 78 Q and 26 Q, for phase a, b and c, respectively.

TABLE 1. CHARACTERISTICS OF THE DEVELOPED PROTOTYPE

Parameter Value
Power grid voltage (line-to-line) 400 V
Nominal power 10 kW
Nominal dc-link voltage 800 V
Nominal batteries voltage 300 V-500 V
Nominal batteries current I5A
Nominal PV voltage 300V -500V
Nominal PV current 15A
Switching frequency 20 kHz
Sampling frequency (f;) 40 kHz
Coupling inductors (L4, Lg, Lc) 2.4 mH
Dc-link capacitors (C;, C>) 8200 puF
Capacitor (C3) 10 uF

Fig. 4 shows the currents consumed by the non-linear load,
whose values are 5.7 A, 6.6 A and 8.4 A for phase a, b and ¢,
respectively. As it can be seen, the grid currents (iga, igb, ige, ign)
are imbalanced, presenting a RMS neutral current of 2.7 A.
Moreover, the currents consumed by the load contain a high
THDy,, presenting a value of 20.9% (Fig.5). As first



experimental test, the dc-link voltage regulation was
performed to the reference average value of 400 V. Thereafter,
the APF starts its operation, performing the compensation of
the grid currents. After compensation, the dc-dc converter
starts operating as boost in the RES-interface (extracting
power from the PV panels) and as buck in the ESS-interface
(charging the batteries) modes. The experimental results of
this operation mode are presented in Fig. 6, where it can be
seen the grid voltage (vq,) and the grid current (ig,) in phase a
after compensation, whose THDy, is reduced to 5% (Fig. 7).
Besides, it is also possible to see the voltage and the current in
the PV panels (v, i»), whose current reaches 2 A, whereas
the current in the batteries (ip.r) assumes the value of 3 A, as
intended.

l Yokogawa n-'ndel
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a RES and an ESS with the
Grid-Interface Operating as APF

5 A/div

e -0
oa -20

o 5 Aldiv
oo

T 5.A/div 23,0

Fig. 4. Experimental results: Power grid currents (ig, igs, Ig, ign) before
compensation.

Afterwards, it was proceeded with the power injection into
the power grid by the PV panels (with the RES-interface of the
dc-dc converter operating as a boost-type) and batteries (with
the ESS-interface of the dc-dc converter operating as a
boost-type), following the same previously referred procedure.
Fig. 8 shows, for phase a, the grid voltage and current (Vea, iga)
after compensation, with the current THD, being reduced to
8.2% (Fig.9). In this operation mode it was defined a
reference current of 2 A for the batteries and for the PV
panels. As it can be seen, both the current in the batteries (ipar)

and the current in the PV panels (i,) are controlled to the
value of the reference current.
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Fig. 6. Experimental results during batteries charging and energy extraction
from the PV panels.

Harmonics
FTHD S.0%FIR K 1.2 |
Puni T 0:02:24 P =T

‘$lus ................................................
..... 5“%
i B | L I

oo 1 3 s F 9 11 131 E

04711719 16:49:34 230U SO0Hz38 WYE  EHSO160
A B C EVEHTS = STOP
0 m ] START

Fig. 7. Harmonic spectrum of the power grid currents after compensation and
during batteries charging and energy extraction from the PV panels.

i) IO
08,0 v

5 ms/div

50 V/div

= b Vea 10 A/div
s Soow 1 A/div
. 1 A/div
;e
)
‘/
J~\M;uwmﬁvwwwwm"wﬁWn,v-rmwm-va
B 7
st O g
W cifiey T 3, e

Fig. 8. Experimental results during batteries discharging and energy extraction
from the PV panels.



Harmonics
A THD §.2%F0° K 1.3

Put & 0:09:00

THDDC 1 3 3 T 9 1 13 15 17

04711719 15:25:35 230U S0Hz 38 WYE  EHS0160
A B C EVENTS = STOP
o rm ] START

Fig. 9. Harmonic spectrum of the grid currents after compensation and during
batteries discharging and energy extraction from the PV panels.

V. CONCLUSIONS

This paper presents a unified three-port topology
interfacing solar photovoltaic (PV) panels and batteries (an
energy storage system or an electric vehicle) with the power
grid, where the grid-interface operates as active power filter
(APF). It is composed by three stages sharing the same dc-link,
and allows the power exchange between them while helping
improve the power quality on the grid-interface. Throughout
this paper, it is presented the topology, as well as the control
algorithms. The system was experimentally validated in order
to verify the correct functioning of the developed prototype
operating in different modes. The experimental results validate
the prototype and its control algorithms, showing that for all
operation modes the grid currents are kept balanced and with a
low total harmonic distortion (THD). Besides, the produced dc
currents are constant, and with values according to the
references, both in the batteries and in the PV panels.
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