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Abstract: Nowadays, the use of power converters to control active and reactive power in AC–AC
grid-connected systems has increased. With respect to indirect AC–AC converters, the tendency
is to enable the back-to-back (BTB) voltage source converter (VSC) as an active power filter (APF)
to compensate current harmonics. Most of the reported works use the BTB-VSC as an auxiliary
topology that, combined with other topologies, is capable of active power regulation, reactive power
compensation and current harmonic filtering. With the analysis presented in this work, the framework
of the dynamics associated with the control loops is established and it is demonstrated that BTB-VSC
can perform the three tasks for which, in the reviewed literature, at least two different topologies are
reported. The proposed analysis works to support the performance criteria of the BTB-VSC when it
executes the three control actions simultaneously and the total current harmonic distortion is reduced
from 27.21% to 6.16% with the selected control strategy.

Keywords: back-to-back converter; current harmonic compensation; power flow control

1. Introduction

In recent years, the use of power converters to control active and reactive power in AC–AC
grid-connected systems has increased. Basically, the power converter is used to control the power
flow between two AC sources with the same or different electrical characteristics [1–4]. However, the
selection of the topology depends on the power application and the type of interfacing bus. Among the
wide variety of existing AC–AC converters there are: (a) the conventional AC–AC converters which
employ a voltage or current DC interfacing bus between the two stages, these converters are known as
two-level, indirect AC–AC converters and (b) the direct AC–AC converters, which achieve the AC–AC
conversion without an intermediate energy storage element [1].

Regarding indirect AC–AC converters, the back-to-back (BTB) power converter formed by voltage
source converters (VSC) is one of the most attractive topologies. The BTB-VSC converter consists
in two VSCs connected through a common DC bus voltage that allows the VSCs can be controlled
separately. Both VSCs can operate as a rectifier or an inverter. In most of the practical applications,
the BTB-VSC converter is operated to regulate the active power between two AC–AC grid-connected
sources. The properties of this combination are well-known: the BTB-VSC is used to supply an unitary
power factor at each AC side; the DC bus voltage is generally higher than the peak AC source voltage

Energies 2020, 13, 831; doi:10.3390/en13040831 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-0238-3952
https://orcid.org/0000-0003-2175-973X
https://orcid.org/0000-0001-6366-7054
http://www.mdpi.com/1996-1073/13/4/831?type=check_update&version=1
http://dx.doi.org/10.3390/en13040831
http://www.mdpi.com/journal/energies


Energies 2020, 13, 831 2 of 22

for proper operation during the rectification with power factor correction; the inverter is responsible for
delivering a regulated AC output, making it possible to control the power flow of the interconnected
AC–AC systems [5–7]. The active power can be transferred from one AC source to the other, while
the DC bus voltage is suitably regulated [5], also, the BTB-VSC allows the interconnection of two
asynchronous AC–AC grid-connected systems and contributes to preventing cascaded failures and
eliminating part the of inter-area oscillations in the AC–AC grid-connected systems [7]. Among the
main applications in which the BTB-VSC is reported are: (1) traditionally, AC motor drives, high
voltage direct current (HVDC) transmission systems and unified power quality conditioners (UPQC);
(2) in recent years, wind energy conversion systems (WECS) and marine energy conversion systems
(MAECS) [8–22]. The BTB-VSC is also used in some power applications as an auxiliary converter
connected in shunt to AC–AC systems for reactive power compensation or current harmonic filtering,
therefore it is considered as an extended version of the STATCOM and a member or multi-converter
flexible AC transmission systems (FACTS) family, meaning that two or more converters can be coupled
through the DC bus [23–25].

Recently, the tendency has been to enable the BTB-VSC to act not only as a power flow controller,
but also as an active power filter (APF) to compensate current harmonics [26–31]. In [26], an APF
compensator converter is implemented with a single-phase BTB-VSC; the main idea of this work is to
use the BTB-VSC as a power flow controller to solve the power quality problems of electric railway
power systems. Basically, the single-phase BTB-VSC is used to regulate the active power between the
interconnected AC systems and to compensate the reactive power. The current harmonic filtering is
also executed; however, to develop these tasks the system requires several combinations. Swami and
Singh [27] propose a doubly fed induction generator (DFIG)-based WECS with integrated active filter
capabilities. The system incorporates two BTB-VSCs and they are placed between the rotor and the grid.
Current harmonics generated by nonlinear loads at the point of common coupling (PCC) are mitigated
by the grid-side controllers, so that the stator and grid currents are harmonic-free. Rotor-side controllers
are used for maximum power point tracking (MPPT) and power factor correction at the stator side;
the control scheme is implemented using voltage-oriented control (VOC). Results demonstrate that
grid current and stator current total harmonic distortion (THDc) are less than 5% as per IEEE-519
standard [28]. In fact, this type of configuration is the most used for WECS and MAECS [6,12,18–22]. To
achieve the objectives described above, control of the BTB-VSC is developed considering synchronous
coordinates such as the rotating (dq0) [6,7,12,14,15,18,22,25,27,31] and stationary (αβ0) [17,23,29,31], as
well as the time-domain or conventional (abc) [9,26,30], reference frame. Typically, depending on the
used reference frame, the adopted control structure is chosen. For rotating and stationary reference
frames, the cascade control is generally used by nesting two control loops. The inner loop is named
a secondary loop whereas the outer loop is considered a primary loop [32]. For the control of the
BTB-VSC, the control tasks are distributed as follows: the inner loops are used to control the current,
whereas the outer loops are used to provide a reference for the inner loops. Outer loops are fixed
considering active power (P), reactive power (Q), voltage or frequency. The inner loop must respond
much faster than the outer loop, such that the primary controller that regulates the primary variable
can send a suitable set-point to the inner loop [33]. The inner loop should be faster than the outer
loop, the typical rule of thumb is that the average response times should have a ratio of at least 5 [12].
However, for power converters the compromise is linked to the switching frequency [5,33] and this
is one of the most important restrictions that must be considered when the BTB-VSC is proposed to
attenuate or reproduce the current harmonics.

Most of the reported works use the BTB-VSC as an auxiliary topology, that combined with other
proposed topology, is capable of active power transmission, reactive power compensation, voltage or
frequency control and current harmonic compensation [26,29–31]. Certainly, each one of the reviewed
topologies has advantages and disadvantages that can be addressed from different points of view and
it is not the objective of this work to compare them. This paper aims to comprehensively analyze
the classical configuration of the BTB-VSC to execute active power regulation and reactive power
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compensation, and current harmonic filtering at the same time. Furthermore, despite the fact that
several controllers have been proposed in the literature to control power converters, the most widely
used controller is still the proportional-integral (PI) controller [1], because with the proper tuning
of the PI controller the desired closed-loop performance can be achieved; therefore, this scheme is
adopted. With the presented analysis, the framework of the dynamics associated with control loops
is stablished and it is demonstrated that the BTB-VSC can perform the three tasks for which, in the
reviewed literature, at least two different topologies are reported.

The proposed analysis works to support the performance criteria of the BTB-VSC when it executes
the three control actions simultaneously, and the total current harmonic distortion is reduced from
27.21% to 6.16% with the selected control strategy. Simulation results for the different evaluated
cases corroborate the advantages provided by the BTB-VSC to perform the desired control tasks. The
proposed system is evaluated with a 30 kVA laboratory prototype.

2. System Description and Analysis

Figure 1 shows the integrated elements considered when analyzing the proposal of this work.
Transformers TR1 and TR2 are connected to the main AC source and they supply the distribution
feeders Fd1 and Fd2, respectively. The loads (linear and nonlinear) are represented by ZL1,m and ZL2,n
and they are situated at different locations for Fd1 and Fd2. The BTB-VSC is composed by two VSCs,
sharing a common DC bus voltage (vdc) and coupled to Fd1 and Fd2 through R1,2 and L1,2. Each
VSC is synchronized with the respective AC side and v1

abc and v2
abc represent the phase voltages. To

simplify the analysis, subscripts 1 and 2 will be associated to the VSC, as shown in Figure 1. The active
power can be regulated in both directions. Furthermore, the BTB-VSC can generate a controlled output
with lagging power factor or leading power factor at both AC sides [5]. For the analysis, a balanced,
harmonic-free, three-phase system is assumed as the AC source. To exchange active power from Fd1
to Fd2 and vice versa, each one of these transformers must have the capacity to deliver power to the
other side, besides feeding their own loads connected at the corresponding PCC.

The controllable bypass switches CB1 and CB2, shown in Figure 1, are closed according to the
power compensation requirements dictated by the control block. i1abc and i2abc represent the grid
currents at the output of VSC1 and VSC2. IPCC1,2

abc are the total currents absorbed by the linear and
nonlinear loads at the corresponding PCC. The total current harmonic distortion (THDc) is compensated
through the BTB-VSC by injecting the necessary current harmonic at the associated connecting point.

There are different techniques for current harmonic filtering of nonlinear loads; in [34,35], three
methodologies are studied and compared. The first proposed methodology determines the current
reference required by the VSC, using the instantaneous reactive power theory. The second one obtains
the current components in the DQ synchronous reference frame, and the third one considers following
a sinusoidal current with unitary power factor. The results emphasize that the performance is alike
for ideal conditions; however, it is determined that, for voltage unbalances or voltage distortion, the
synchronous reference frame largesse has the best performance, due to the fact that the system is
unaffected by voltage disturbances [3].
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Figure 1. Simplified configuration of the proposed system. 
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Figure 1. Simplified configuration of the proposed system.

2.1. Modeling of the BTB-VSC Converter

In this work, the DQ transformation is adopted to obtain the mathematical model of the BTB-VSC,
d component is associated to the active power and q component to the reactive power. To obtain the
DQ model, a three-phase three-wire system without voltage harmonics is considered. Besides, the
effect of the switching harmonics is neglected [5]. The DQ transformation is coordinated with the
connected AC source, rotating at ω (ω = 2πf, where f is the electrical frequency of the AC source). The
d axis chosen aligned with the corresponding AC side, therefore, V1,2

d becomes equal to the amplitude
of v1

abc and v2
a, respectively; V1,2

q are zero. However, this decision is arbitrary: for representation
purposes both variables are used to denote the model. The governing Equations of the normalized DQ
model can be written as given, from Equations (1)–(5).

did1
dt

= −
R1

L1
id1 +ω1iq1 +

1
L1

vd
1 −

1
2L1

vdcud
1 (1)

diq1
dt

= −
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L1
iq1 −ω1id1 +

1
L1

vq
1 −

1
2L1

vdcu
q
1 (2)

did2
dt
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L2
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vdcud
2 (3)
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diq2
dt

= −
R2

L2
iq2 −ω2id2 +

1
L2

vq
2 −

1
2L2

vdcu
q
2 (4)

Cdc
dvdc
dt

=
3
4

[(
ud

1id1 + uq
1iq1

)
+

(
ud

2id2 + uq
2iq2

)]
(5)

u1
d,q and u2

d,q represent the control inputs and i1d,q and i2d,q are the currents injected by the BTB-VSC
at the corresponding PCC. The linear expressions for active and reactive power terms are defined by

P1,2 =
3
2

(
vd

1,2id1,2 + vq
1,2iq1,2

)
(6)

Q1,2 =
3
2

(
vq

1,2id1,2 −Vd
1,2iq1,2

)
(7)

A block diagram representation of Equations (1)–(5) is delineated in Figure 2. As observed, there
are cross-coupling terms among d and q components. These problems are generally resolved by adding
feedforward terms to the control loop in order to cancel the nonlinearities of the system [36]. When the
DQ transformation is performed on nonlinear signals, the harmonic profile is mapped as an AC signal
and added to the DC signals (d and q components) as shown in Figure 3 [37].
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From Equation (6), it has to be considered that

P1 = −P2 (8)

to guarantee the power balance. Hence, through the control of the dq current components, it is possible
to control the active and reactive power.

To evaluate the performance of the BTB-VSC, it is necessary to define the control objective. Besides,
in order to simplify the control design for each VSC, four main goals are defined as follows: (1)
regulating active power at the output of the VSCs or among feeders; (2) compensating reactive power
(for lagging or leading PF) at the output terminals of VSC1 and VSC2. This can be a portion of the total
reactive power required by the loads or even the total amount, depending on the power capacity of the
BTB-VSC; (3) compensating current harmonics demanded by the nonlinear loads at the corresponding
PCC, and (4) maintaining the DC bus voltage regulated. For the analysis, it is considered that VSC1

and VSC2 share a common DC bus voltage. It is important to make it clear that both VSCs can achieve
any of these tasks. However, commonly, the VSC coupled to the most reliable AC system is used
to regulate the DC bus voltage. For the configuration proposed in Figure 1, the selection can be set
arbitrarily, hence the DC bus voltage regulation is assigned to VSC1, so that VSC2 is chosen to regulate
the active power. Reactive power regulation is realized by the corresponding VSC.

2.2. PQ Operating Modes

The BTB-VSC in Figure 1 can operate in eight modes for the control of P and Q, as described
in Table 1. States 1 and 0 represent the ON and OFF states, respectively. As described in [5], Case 1
represents the null condition. Cases 2 through 7 are derived from the combination of Case 8. Scenarios
based on Cases 5 and 8 are explained as examples. Considering Table 1, Case 5 takes place when
the active power regulation is achieved, for this case, the BTB-VSC can regulate the active power;
basically, it is used to deliver active power from one AC side to the other AC side. Therefore, it takes
power from one transformer (considered as a sub-utilized transformer) and supplies it to the other one
(sometimes considered as an overloaded transformer). Unlike Case 5, in Case 8 the BTB-VSC, besides
the active power regulation, also compensates reactive power at the output terminals of both VSCs.
Due to the BTB-VSC being constructed by two VSCs, the maximum active power transferred among
feeders is fixed by the VSC with a lower capacity. Instead, reactive power is bound by the passive
components and the DC bus voltage, reducing the available rating for reactive power compensation.
Another important point that must be considered is the combination of active and reactive powers;
they cannot be set indiscriminately, they must achieve the constraint imposed by the (P, Q) pair for the
bounded area.

Table 1. PQ operating modes for the BTB-VSC 1.

Case P Q1 Q2

1 0 0 0
2 0 0 1
3 0 1 0
4 0 1 1
5 1 0 0
6 1 0 1
7 1 1 0
8 1 1 1

1 States 1 and 0 represent the ON and OFF states, respectively.
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3. Control Strategy

The general block diagram shown in Figure 4 is proposed for control of the BTB-VSC. To regulate
active power, compensate reactive power and filtering current harmonics, the BTB-VSC must generate
a dq current component at the corresponding PCC, as given below,

id1,2 = iddc
1,2 + idh

1,2 (9)

iq1,2 = iqdc
1,2 + iqh

1,2 (10)

where i1d estimates the amount of power required to keep the DC voltage stable and regulated. i2d

indicates the magnitude and direction of the active power to be controlled between Fd1 and Fd2. On
the other hand, both i1q and i2q specify the required reactive power at the corresponding PCC. i1,2

d
h

and i1,2
q

h represent the current harmonic components the BTB-VSC must generate to compensate the
current harmonics caused by nonlinear loads. P2*, vdc* and Q1,2* are the reference for active power, DC
bus voltage and reactive power; i1,2

d* and i1,2
q* are the current reference.
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Figure 5 shows the proposed block diagram to obtain the current harmonic content of nonlinear
loads. This method detects the line currents iPCC1,2

abc flowing downstream of the PCC1,2. These
currents are introduced to a DQ transformation block to obtain iPCC1,2

d,q. The obtained dq signals
contain DC and AC terms; therefore, a low-pass-filter (LPF) is implemented to separate the DC and
AC terms from iPCC1,2

d,q. The LPF provides the current harmonic references i1,2
d*h and i1,2

q*h. For this
proposal, a second order filter provides the required attenuation response; therefore, a Butterworth
filter is used.
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For the inner control loops, a current control technique that allows the cancelation of the
cross-coupling terms is adopted. According to the literature, this technique is known by different names,
usually depending on the application. For PWM-VSC, it can be found mainly as decoupled control,
decoupled power control or feed-forward decoupling control strategy. For space vector modulation
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converters, it is related as direct control or direct current control strategy and for distributed generators
in the islanded mode, it is adapted as a droop control strategy [38–42].

For the design of the BTB-VSC controllers, it is considered that VSC1 and VSC2 are decoupled;
therefore, they can be controlled independently from each other. Figure 6 shows the control block
diagram for VSC2; the control block diagram for VSC1 uses a similar arrangement. For the proposed
control scheme, a positive P indicates that the active power goes from TR1 to TR2; a negative P
represents the opposed case. A positive Q specifies a lagging power factor (PF) and a negative Q
designates a leading PF. The plant model of the inner loops is established according to Equations (1)
through (4), and the control laws given from Equations (11) through (14) are proposed for the current
controllers of VSC1 and VSC2. υ11, υ12, υ21, and υ22 are auxiliary control signals which contain the PI
controllers. The control laws allow the local cancelation of the nonlinearities and the cross-coupling
terms in order to regulate the active power, compensate the reactive power and compensate the current
harmonic distortion.

u1
d =

2
v∗dc

(
ω1L1iq∗1 −R1id∗1 + vd

1

)
− υ11 (11)

u1
q =

2
v∗dc

(
−ω1L1id∗1 −R1iq∗1 + vq

1

)
− υ12 (12)

u2
d =

2
v∗dc

(
ω2L2iq∗2 −R2id∗2 + vd

2

)
− υ21 (13)

u2
q =

2
v∗dc

(
−ω2L2id∗2 −R2iq∗2 + vq

2

)
− υ22 (14)
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The closed-loop transfer functions are expressed as:

id,q
1 (s)

id,q∗
1 (s)

=
kp11s + ki11

s2 + kp11s + ki11
id,q
2 (s)

id,q∗
2 (s)

=
kp21s + ki21

s2 + kp21s + ki21

(15)

The DC bus voltage dynamic is established using Equation (5) and is given by (16).

Cdc
dvdc
dt

= Idc2 +
3id∗1
2v∗dc

(
ω1L1iq∗1 −R1id∗1 + vd

1

)
−

3
2

id∗1 υ11 +
3iq∗1
2v∗dc

(
−ω1L1id∗1 + vq

1

)
−

3
2

iq1υ21 (16)

as long as the current space-states tend to the references value i1d
→ i1d* and i1q

→ i1q*. That is, the
stabilization error approaches to zero. Then, the auxiliary control signals tend to zero, υ11 → 0 and
υ12→ 0.

Rearranging Equation (16), it is found that:

Cdc
dvdc
dt

=
1

v∗dc
[P1 − P2 − Plosses] (17)

where, P1 = 3
2

(
vd

1id1 + vq
1iq1

)
, P2 is the output power and it must fulfill P2 = −P1 and Plosses represents

the power dissipated by R1,2.
Equation (17) states that, if the power grid supplies the power demanded by the load and also

absorbs all the power and commutation losses, then the indirect control of the DC bus voltage is stable

and the trajectory
dv∗dc
dt → 0 , with which, vdc → v∗dc , as long as id1 → id∗1 and iq1 → iq∗1 . The closed-loop

transfer function for the DC bus voltage is given by

vdc(s)
v∗dc(s)

=
vd

1

(
kp13s + ki13

)
2
3 Cdcv∗dcs

2 + kp13vd
1s + ki13vd

1

(18)

3.1. Controllers Design

To guarantee that inner and outer loops are decoupled, the PI controllers must accomplish the
bandwidth criteria, as described in Section 1, in order to achieve a good reference tracking performance
and fast response. The switching frequency (fsw) is set at 4.86 kHz. Considering Equation (15), dq
current controllers have similar dynamics; therefore, the bandwidth of both controllers is set at 478
Hz. The bandwidth of the DC bus voltage is fixed at 14 Hz. The bandwidths are stablished by using
the values listed in Table 2. The proportional and integral coefficients of the PI controllers kp11,21 and
kp11,21 are selected as 1 and 120, respectively.

Table 2. Power system parameters.

Grid and BTB-VSC Parameters

Grid Voltage 220 Vrms Vdc 550 V
ω1,2 377 rad/s SBTB-VSC 30 kVA
L1 4.1 mH fsw 4.86 kHz
L2 5.3 mH Cdc 4700 µF
R1 30 mΩ
R2 30 mΩ
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The closed-loop transfer functions that describe the reference tracking of the outer loops are
derived, as shown in Equations (19)–(21).

Q1(s)
Q∗1(s)

= −
vd

1

(
kp14s + ki14

)(
2
3 − kp14vd

1

)
s− ki14vd

1

(19)

P2(s)
P∗2(s)

=
vd

2

(
kp22 + ki22

)(
2
3 + kp22vd

2

)
s + ki22vd

2

(20)

Q2(s)
Q∗2(s)

= −
vd

2

(
kp23s + ki23

)(
2
3 − kp23vd

2

)
s− ki23vd

2

(21)

The corresponding integral gains for the outer loops can be calculated with Equations (22) and
(23), respectively. The values of the proportional gains are selected in order to meet the Routh–Hurwitz
and bandwidth criteria.

ki22 =
ω

vd
2

√√√
10
−3
10

(
2
3 − kp22vd

2

)
−

(
k22vd

2

)2

1− 10
−3
10

(22)

ki14,i23 =
ω

vd
1,2

√√√
10
−3
10

(
kp14,23vd

1,2 +
2
3

)
−

(
k14,23vd

1,2

)2

1− 10
−3
10

(23)

The ki and kp coefficients for outer controllers are obtained and the selected gains are shown in
Table 3. The cutoff frequency of the LPF is set at 100 Hz.

Table 3. Proportional and integral (PI) controller’s parameters for outer loops.

Gain
Controller

vdc Q1 P2 Q2

kp 0.514 0.010 0.010 0.010
ki 102 −2.9375 3.6971 −2.9375

3.2. Simulation Results

Simulation studies are conducted using Matlab® R2014a, 32-bit by MathWorks, Inc., USA and
PSIM® 64-bit, version 9.0 by Powersim Inc., USA. The BTB-VSC performance is evaluated for active
power regulation, reactive power compensation and current harmonic filtering. First, the power
compensation capabilities of the BTB-VSC are validated, then the active power filter functions are
incorporated and the main restrictions for harmonic compensation are derived.

As shown in Table 1, eight power operating conditions are identified for the BTB-VSC; however,
the results focus on case eight, because the other cases are considered a particular condition of this
case. Simulations are performed using the system parameters given in Tables 2 and 3.

3.2.1. Case 8: Active Power Regulation and Reactive Power Compensation

The system starts with ZL11 connected to Fd1, as shown in Figure 1. ZL11 is rated at 30 kVA with
unity power factor. This load corresponds to 60% of the capacity of Fd1. On the other side, ZL21 is
connected to Fd2 and is rated at 45 kVA with a 0.7 lagging power factor. With this load, Fd2 is working
at 90% of the rated capacity. The BTB-VSC is disconnected; therefore, switches CB1 and CB2 are open.
At t = 0.1 s, ZL22 set at 12.5 kVA with a 0.8 lagging power factor is connected; with this load Fd2
operates at 25% above its rated capacity. Therefore, the BTB-VSC is activated at t = 0.15 s to relieve load
from Fd2; for this, the BTB-VSC transfers 10 kW from Fd2 to Fd1 by applying a power-ramp condition.
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It is also used to compensate −7.5 kVAR through VSC2. Results are displayed in Figure 7. Figure 7a,c
shows active and reactive powers for TR1 and TR2. Figure 7b,d show the active and reactive powers
supplied by the BTB-VSC. As observed, the active and reactive power for TR1 and TR2 changes when
the BTB-VSC is controlled to provide the given conditions described for the case. The DC bus voltage
is shown in Figure 7e; it remains stable and regulated, even during the load transients. A second
load (ZL12) is connected to Fd1at t = 0.25 s, this load is rated at 10 kVA with a 0.75 lagging power
factor. Besides, the BTB-VSC is controlled to deliver the reactive power supplied by TR1 at t = 0.3 s,
compensating −6.6 kVAR through VSC1. The profile of the currents for the test is shown in Figure 8, as
noticed, currents are stable and regulated. The performance of BTB-VSC for Case 8 is displayed in
Figure 9.
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Figure 7. Case 8. (a) Active power for transformers TR1 and TR2. (b) Active power regulated with the 
BTB-VSC. (c) Reactive power for TR1 and TR2. (d) Reactive power compensated by the BTB-VSC. (e) 
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Figure 7. Case 8. (a) Active power for transformers TR1 and TR2. (b) Active power regulated with the
BTB-VSC. (c) Reactive power for TR1 and TR2. (d) Reactive power compensated by the BTB-VSC. (e)
direct current (DC) bus voltage.
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Reactive power compensated by VSC2. (c) Voltage and current at terminals of VSC2. (d) Reactive
power compensated by VSC1. (e) Voltage and current at terminals of VSC1.
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3.2.2. Active Filter Performance

To validate the performance of the BTB-VSC operating as a power flow controller and incorporating
the active power filter functions, the conditions described below are considered. Moreover, in order to
exemplify in the clearest way the operation of the BTB-VSC for current harmonic compensation, this
function will be validated in terminals of PCC2. However, the compensation methodology is solved in
the same way for PCC1. In this case, the test is developed by using three loads: a linear load rated at
10 kW, a 20 kVA nonlinear load and a 10 kVA inductive load with a 0.1 lagging power factor. The test
is applied as described below and results are shown in Figure 10.
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Figure 10. before and after compensation for the BTB-VSC. (a) Current for phase a injected to the 
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measured at the PCC1. (d) DC bus voltage. 

Initially, switches CB1 and CB2 are open and TR2 feeds the loads connected to Fd2. The first 
load is connected at t = 50 ms. The second load is switched on at t = 100 ms. The current evolution for 
phase a in terminals of TR2 in Figure 10b can be observed. At t = 200 ms the BTB-VSC is connected, 
the control algorithm determines the total current harmonic content at PCC2 and sets the required 
current reference to compensate it. Under this condition, the BTB-VSC is controlled to exclusively 
compensate current harmonics. The third load is connected at t = 300 ms. As observed in Figure 10b, 
the current lags voltage when the transient is applied. After this, the BTB-VSC is used to compensate 

Figure 10. Before and after compensation for the BTB-VSC. (a) Current for phase a injected to the PCC2
by the BTB-VSC. (b) Voltage and current for phase a at the PCC2. (c) Current for phase a measured at
the PCC1. (d) DC bus voltage.

Initially, switches CB1 and CB2 are open and TR2 feeds the loads connected to Fd2. The first load
is connected at t = 50 ms. The second load is switched on at t = 100 ms. The current evolution for
phase a in terminals of TR2 in Figure 10b can be observed. At t = 200 ms the BTB-VSC is connected, the
control algorithm determines the total current harmonic content at PCC2 and sets the required current
reference to compensate it. Under this condition, the BTB-VSC is controlled to exclusively compensate
current harmonics. The third load is connected at t = 300 ms. As observed in Figure 10b, the current
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lags voltage when the transient is applied. After this, the BTB-VSC is used to compensate the reactive
power of the inductive load, the transient is applied at t = 0.4 s and, after the transient, the power factor
at TR2 becomes unitary. Thus, from t = 0.2 s to t = 0.4 s, the BTB-VSC is simultaneously compensating
the current harmonics content of nonlinear loads and the reactive power. The last condition is set at t =

0.5 s when the BTB-VSC is used to deliver 10 kW from TR2 to TR1. It can be observed that the current
decreases in terminals of TR2. Figure 10d shows the DC bus voltage for the BTB-VSC: it remains stable
and regulated at the desired operating point. In Figure 11, the dq control inputs and the references for
BTB-VSC are displayed. Figure 12 shows the current waveforms for the nonlinear load, BTB-VSC and
TR2 after compensation.
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Table 4 shows the current harmonic components for the nonlinear load, the reference generated
by the BTB-VSC and the given measured value at the PCC2. As observed, there is a linear relationship
between the magnitude of the current harmonic component of the nonlinear load and the reference
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generated by the BTB-VSC. Using results given in Table 4, from the simulation results, the total
harmonic distortion of the line current (THDc) at the PCC2 is reduced from 27.21% to 1.59%. This is a
consequence of the correct generation of the harmonic compensation reference, and a good tracking
characteristic of it, as shown in Figure 12. Furthermore, it can be noticed that the fundamental
components of the load and TR2 are equal, and for the iBTB-VSC, it is zero. This is because the power
grid supplies the power demanded by the load and also absorbs all the losses of the BTB converter
through the regulation of the DC bus voltage.

Table 4. Current harmonic components: simulation results of the considered case.

Harmonic Order Load [Arms] BTB-VSC [Arms] TR2 [Arms]

h Magnitude % Magnitude Magnitude %

1 52.02 100 0.01 52.01 100
5 11.75 22.58 11.39 0.35 0.68
7 5.54 10.64 5.20 0.33 0.64

11 4.24 8.14 3.91 0.33 0.63
13 2.65 5.10 2.33 0.33 0.63
17 2.16 4.15 1.81 0.35 0.67
19 1.46 2.81 1.12 0.34 0.65

THDc 27.21 1.59

4. Experimental Results

A down-scale prototype 10:1 is constructed to verify the performance of the BTB-VSC. The
experimental prototype parameters are given in Table 5. Experimental results are displayed from
Figures 13–17. For the results, P is associated to the active power, Q to the reactive power, and H to the
harmonics content.

Table 5. Prototype parameters for BTB-VSC.

Grid and BTB-VSC Parameters

V1
abc 127–50 Vrms

V2
abc 12–42 Vrms

STR1, STR2 3 kVA
ω1,2 377 rad/s
L1 4.1 mH
L2 5.3 mH
R1 284 mΩ
R2 330 mΩ
Vdc 150 V

SBTB-VSC 3 kVA
fsw 4.81 kHz
Cdc 1050 µF

Figure 13 shows the results when the active power regulation is tested with the given conditions
described below. TR2 is used to feed the load ZL21, 820 VA with unitary power factor. For the test, an
active power step is applied to release load at terminals of TR2; the main idea is to use TR1 to supply
320 W to ZL21 and results are shown in Figure 13a,b. As observed, the DC bus voltage remains stable
and regulated; a small voltage drop appears during the transient, however, it does not disturb the
active power transferring.
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Figure 13. Test results for active power regulation: (a) Ch1, voltage measured at the PCC2; Ch2, current
injected with the BTB-VSC at the PCC2; Ch3, current measured at the PCC2; Ch4, current for the load
ZL21. Vertical sensitivities: Ch1, 75V/div; Ch2-Ch4, 6A/div. Horizontal sensitivity: 10 ms/div. (b) Ch1,
DC bus voltage; Ch2, current injected with the BTB-VSC at the PCC2; Ch3, current measured at the
PCC2; Ch4, current for the load ZL21. Vertical sensitivities: Ch1, 25V/div; Ch2-Ch4, 6A/div. Horizontal
sensitivity: 20 ms/div.

To test the active power sharing, the following operating conditions are applied. TR2 supplies a
base load (ZL21) of 820 VA with PF = 1 and, for load release, an active power step is applied. With the
transient, 320 W are transferred from the PCC2 to the PCC1—results are shown in Figure 13a,b. It can
be noticed that the DC bus voltage remains stable and regulated; there is a small variation during the
power step but it produces no effect on the power supplied to the load.

4.1. Active Power Regulation and Reactive Power Compensation

The capability of BTB-VSC to regulate and exchange active power between feeders was tested.
Results shown in Figure 14a are obtained with following conditions: a 2 kW load (ZL21) is connected to
PCC2 before the transient and the active power is supplied by TR1. When the transient is applied, the
BTB-VSC is commanded to feed the load with TR2; therefore, the iBTB-VSC is reversed and the iPCC2
current increases. As observed, load current is not affected for the power reversal. The DC bus voltage
overshoot is 4% of the nominal value and the settling time is set around 12 ms. For results given in
Figure 14b, the BTB-VSC is controlled to transfer active power from TR1 to PCC2 and to compensate
reactive power at terminals of VSC1 and VSC2. As shown, before the transient is applied, 2 kW are
transferred to PCC2; then, the BTB-VSC is commanded to compensate 2.4 kVAR and −2.1 kVAR at
terminals of PCC1 and PCC2, respectively.
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Figure 14. Test results: (a) Active power flow reversal. Ch1, DC bus voltage; Ch2, current injected
with the BTB-VSC at the PCC2; Ch3, Current measured at the PCC2; Ch4, current for the load ZL21.
Vertical sensitivities: Ch1, 25 V/div; Ch2–Ch4, 6 A/div. Horizontal sensitivity: 10 ms/div. (b) Active
power regulation and reactive power compensation. Ch1, current measured at the PCC2; Ch2, voltage
measured at the PCC2; Ch3, current measured at the PCC1; Ch4, voltage measured at the PCC1. Vertical
sensitivities: Ch1, 20 A/div; Ch3, 10A/div; Ch2 and Ch4, 100 V/div. Horizontal sensitivity: 20 ms/div.

4.2. Active Power and Reactive Power Regulation and Current Harmonic Compensation

The BTB-VSC was tested compensating a 1 kVA nonlinear load connected to the PCC2. Results in
steady state before and after compensation are shown in Figure 15a,b. If there are no loads connected
to TR1 and there is only one nonlinear load connected to TR2, then, the current demanded by the
nonlinear load iZL21 must be equal to the current measured at TR2. Although the BTB-VSC converter
achieves a good performance during the tests, it does not reach the level of compensation that is
obtained with simulation results, since, with the tests, the 5th and 7th current harmonics were reduced
to 5.6% and 2.4% of the input current at fundamental frequency in comparison with the 0.68% and
0.64% obtained with simulation results. Considering these results, the THDc for simulations is set
around 1.59%, whereas for experimental results it is 6.16%. The associated frequency spectrum after
compensation, considering the 5th and 7th components, is shown in Figure 15c.

Figure 16 shows results for current harmonic filtering and active power regulation. For the test,
a 500 W load (ZL11) and a 1 kVA nonlinear load (ZL12) are connected to PCC1. Results shown in
Figure 16a are obtained as follows: initially, the BTB-VSC only compensates the current harmonics.
Then, a 450 W load (ZL21) is connected to PCC2; at the same time, the BTB-VSC is ordered to supply
the active power to ZL21 and the active power is obtained from TR1. After the transient, TR1 supplies
1.95 kW. It can be noticed the dynamic response is established in 24 ms. To complement the results,
Figure 16b shows the dynamic response for i1d and i1d* components.
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Figure 15. Test results for current harmonic compensation: (a) Before compensation. Ch1, voltage
measured at the PCC2; Ch2, current injected with the BTB-VSC at the PCC2; Ch3, current measured at
the PCC2; Ch4, current for the load ZL21. Vertical sensitivities: Ch1, 50 V/div; Ch2, 10 A/div, Ch3 and
Ch4, 5 A/div. Horizontal sensitivity: 10 ms/div. (b) After compensation. Ch1, voltage measured at the
PCC2; Ch2, current injected with the BTB-VSC at the PCC2; Ch3, current measured at the PCC2; Ch4,
current for the load ZL21. Vertical sensitivities: Ch1, 50 V/div; Ch2-Ch4, 5 A/div. Horizontal sensitivity,
10 ms/div. (c) Current for the nonlinear load and the associated frequency spectrum. Ch3, current
measured at the PCC2; Ch4, current for the load ZL21. Mat., frequency spectrum. Vertical sensitivities:
Ch3 and Ch4, 5 A/div. Mat., 1 A/div. Horizontal sensitivity: Ch3 and Ch4, 10 ms/div; Mat., 62 Hz/div.

To validate the operation of BTB-VSC for current harmonic filtering and reactive power
compensation, the system is tested with the following conditions: a 600 VAR capacitive load and a 1
kVA nonlinear load are connected to PCC2. Before the transient, the BTB-VSC only compensates the
current harmonics of the nonlinear load; subsequently, a power step is applied and the BTB-VSC is
controlled to supply the 600 VAR at the PCC2. Results are shown in Figure 17a and the opposite case is
shown in Figure 17b. For this case, the BTB-VSC is activated to absorb the 600 VAR. The corresponding
waveforms show the BTB-VSC can filter the current harmonics and also control the reactive power for
leading and lagging power factors with a suitable and fast dynamic response. However, it is important
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to clarify that the capability to compensate reactive power is finite and it is limited and the boundaries
fixed by the (P, Q) pair must take into account.
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Figure 16. Test results for current harmonic and active power regulation: (a) Ch1, DC bus voltage; Ch2,
current injected with the BTB-VSC; Ch3, current measured at the PCC1; Ch4, current for the load ZL21.
Vertical sensitivities: Ch1, 25 V/div; Ch3, 20 A/div, Ch2 and Ch4, 5 A/div. Horizontal sensitivity: 20
ms/div. (b) Ch2, DC bus voltage; Ch3 and Ch4, d and q current waveforms. Vertical sensitivities: Ch2,
25 V/div, Ch3 and Ch5 5, A/div. Horizontal sensitivity: 10 ms/div.
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compensation, the system is tested with the following conditions: a 600 VAR capacitive load and a 1 
kVA nonlinear load are connected to PCC2. Before the transient, the BTB-VSC only compensates the 
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controlled to supply the 600 VAR at the PCC2. Results are shown in Figure 17a and the opposite case 
is shown in Figure 17b. For this case, the BTB-VSC is activated to absorb the 600 VAR. The 
corresponding waveforms show the BTB-VSC can filter the current harmonics and also control the 
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Figure 17. Test results for current harmonic and reactive power compensation: (a) Leading power
factor and (b) Lagging power factor. Ch1, voltage measured at the PCC2; Ch2, current injected with the
BTB-VSC; Ch3, current measured at the PCC2; Ch4, Current of the nonlinear load. Vertical sensitivities:
Ch1, 50 V/div; Ch2 and Ch3, 10 A/div; Ch4, 5 A/div. Horizontal sensitivity: 10 ms/div.

Results in Figure 18 presents waveforms plotted for active power regulation, reactive power
compensation and current harmonic filtering. For the test, the BTB-VSC is used to compensate the
current harmonics generated by a 1 kVA nonlinear load; it also must transfer 600 W from TR2 to PCC1
and compensate 600 VAR at PCC2. Before the transient, the current harmonics are compensated and
the 600 W are delivered to PCC2 (compensating H+P). After the transient, the BTB-VSC supplies
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the 600 VAR (compensating H+P+Q), therefore, the rated power increases. In steady state, the total
harmonic distortion of the line current at the PCC2 is reduced to 6.16%.
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Figure 18. Test results for compensation of current harmonics, active and reactive powers. Ch1, 
voltage measured at the PCC2; Ch2, current injected with the BTB-VSC; Ch3, current measured at the 
PCC; Ch4, nonlinear current. Vertical sensitivities: Ch1, 50V/div; Ch2, 10A/div; Ch3 and Ch4, 5 
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5. Discussion 

In this paper, the performance of the three-phase BTB-VSC when it combines the power flow 
control and current harmonic compensation functions has been analyzed; a multifunctional control 
scheme based on PI controllers is proposed and realized. The BTB-VSC operation is classified 
considering eight modes for active power regulation and reactive power compensation and the 
current harmonic filtering is added to these modes. Experimental results validate that the BTB-VSC 
can perform the three tasks simultaneously and the APF contributes to minimizing the current 
harmonic distortion without affecting or reducing the power flow control with a suitable control 
law. The system inherits the independent operation of other combined technologies, and the 
advantages of hybrid power supply systems are proposed to solve these tasks. With the selected 
control strategy, the total current harmonic distortion was reduced from 27.21% to 6.16% for the 
experimental tests. The systematic research of an experimental set with extended functions is now 
under development. Further studies about the control and dynamics characteristics will be 
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Figure 18. Test results for compensation of current harmonics, active and reactive powers. Ch1, voltage
measured at the PCC2; Ch2, current injected with the BTB-VSC; Ch3, current measured at the PCC; Ch4,
nonlinear current. Vertical sensitivities: Ch1, 50V/div; Ch2, 10A/div; Ch3 and Ch4, 5 A/div. Horizontal
sensitivity: 10 ms/div.

5. Discussion

In this paper, the performance of the three-phase BTB-VSC when it combines the power flow control
and current harmonic compensation functions has been analyzed; a multifunctional control scheme
based on PI controllers is proposed and realized. The BTB-VSC operation is classified considering
eight modes for active power regulation and reactive power compensation and the current harmonic
filtering is added to these modes. Experimental results validate that the BTB-VSC can perform the
three tasks simultaneously and the APF contributes to minimizing the current harmonic distortion
without affecting or reducing the power flow control with a suitable control law. The system inherits
the independent operation of other combined technologies, and the advantages of hybrid power supply
systems are proposed to solve these tasks. With the selected control strategy, the total current harmonic
distortion was reduced from 27.21% to 6.16% for the experimental tests. The systematic research of
an experimental set with extended functions is now under development. Further studies about the
control and dynamics characteristics will be summarized in the next study.
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