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Solving voltage regulation in underrated grid networks can be very time consuming and costly for operators and
unpleasant for customer, who constantly experience equipment malfunctions due poor voltage quality. Active
solutions such as Multifunctional Voltage-Quality Regulator (MVQR) work well as a quick ﬁx in these cases,
bringing voltages to the right levels as soon as installed, feeding active or reactive power into their point of
connection. Unfortunately, current solutions can be fastidious, adjusting voltage levels that are already adequate
for customer services to a speciﬁc ﬁxed setpoint, unnecessarily spending energy, overusing distribution networks, wearing out energy-storage components and eventually not optimizing the equipment’s regulation capacity. To address the aforementioned problems, this manuscript proposes a control scheme to reduce the reactive power processed in an existing MVQR. The MVQR was based in a distribution static compensator
(DSTATCOM) with active harmonic ﬁltering feature. Where voltage-magnitude regulation is achieved by reactive power injection only, while harmonic mitigation is performed by harmonic injection based on PCC-voltage-detection-method (PCC-VDM). The proposed MVQR control scheme reduces the reactive energy injection
when the voltage level at PCC is within limits of relevant standards. The main contribution of this paper is the
detailed mathematic analysis of the scheme for reducting the reactive energy injection, which had not been
found in literature. This analysis shows how to design this scheme to obtain better regulation, guarantee dynamic decoupling from other control loops, as well as ensure closed-loop system stability. Simulation and experimental results were carried out for validation of the proposed control method. The proposed MVQR had
shown itself an eﬃcient and eﬀective addition, reducing signiﬁcant processed reactive power using wisely resources, likely available in similar MVQR topologies.

1. Introduction
Low voltage distribution networks can struggle to supply an adequate voltage to consumer when the load demands more than the
available infrastructure can supply. Voltage can be designated as inadequate mostly due to its high harmonic content and/or improper
amplitude. An example of an issue would be an underrated long distribution grid powering a large load distributed across its extension.
Poor voltage regulation aﬀects not only customer who constantly
experiences equipment malfunctioning but also utility companies, who
must comply with several power quality requirements, such as regulation of voltage’s magnitude and harmonic content [1]. When costs associated to having poor voltage quality are high enough, utilities
companies might look for quick solutions, that are able to ﬁx voltage
quality issues without demanding major analysis of the system, like

⁎

locating problematic loads or evaluating the current infrastructure.
Thus, active solutions may be chosen as they can oﬀer a fast installation
followed by an immediate voltage magnitude correction and harmonic
distortion reduction, among other features [2–5]. Nevertheless, in this
context, the voltage quality issue is not ﬁxed by any active solution due
the fact that a fast installation in a distributed power system does not
allow a proper inspection of the system to map loads, line impedance,
transformer’s characteristics, generators, etc. Therefore, active systems
solutions must be narrowed to those who do not require speciﬁc load or
source information to adjust the voltage quality.
Several diﬀerent active schemes have been developed to solve voltage-quality issues, such as Active Power Filters (APF) with reactive
compensation [6–22], Distribution Static Synchronous Compensators
(DSTATCOM) [23,24,47–50], and multifunctional converters
[2–4,25–33]. Among these solutions, classiﬁed as a Multifunctional
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Voltage-Quality Regulators (MVQR), DSTATCOMs with voltage harmonic mitigation at the point of common coupling (PCC) have presented themselves as most suitable solutions for the voltage quality
issue in the context presented in the paper.
Control scheme of a MVQR DSTATCOM can be based on voltage or
current strategies. A voltage-controlled DSTATCOM directly control the
PCC voltage, aiming voltage magnitude regulation, phase balancing,
and reduction of voltage’s Total Harmonic Distortion (THD)
[25,28,34,35,44,45]. On the other hand, a current-controlled DSTATCOM directly controls its output current and indirectly controls the PCC
voltage. Although slower than voltage controlled strategies, the current
controlled DSTATCOMs present natural protection against transients
and a more stable operation [27,29,31,33,37]. As part of the selection
of the most suitable design strategy for the voltage quality issue a
harmonic mitigation strategy must be chosen.
Strategies for harmonic mitigation of PCC voltages in MVQR can be
implemented based on current or voltage detection [11]. Current detection schemes require additional current sensors to measure the
current from speciﬁc loads or from speciﬁc points of the distribution
system, that increases the cost and the complexity for the equipment
installation as well as is required an evaluation of which sources and
loads should be measured. Moreover, it is diﬃcult to determine which
is the current from the source and from the loads in grids, mainly in
systems with distributed generation (DG). Diﬀerently, voltage detection
schemes are based on PCC voltage measurements. Although more
complex, the main advantage of voltage detection approach is that
voltage measurements must always be done to provide synchronization,
resulting in a solution with no additional sensors [34,44,45].
Several voltage detection schemes have been presented in literature.
Methods based on emulation of resistances presented [11,13,26,36] do
not eliminate completely the PCC harmonics. In Ref. [14] a method was
presented based on emulation of tuned active ﬁlters, of which the main
drawback is occurrence of potential resonances due to undesigned loads
[18]. Adaptive and non-linear techniques have good performance
[4,30,31,37,38], but also have chattering problems and a more complex
implementation in comparison to linear techniques. Internal-model
based controllers based on resonant [6,29,39] or repetitive controllers
[10] have good reference tracking and good rejection of periodic disturbances.
Unfortunately, current suitable solutions for the voltage quality
issue inserted in the context presented in this paper can be fastidious,
adjusting voltage levels that are already adequate for customer services
to a speciﬁc ﬁxed setpoint, unnecessarily spending energy, overusing
distribution networks, wearing out energy-storage components and
eventually not optimizing the equipment’s regulation capacity. This
problem is addressed by this paper, where an addition of a control
scheme is proposed to reduce the reactive power processed in an existing MVQR.
Recently a few papers addressed the reduction of unnecessary reactive power processing in low voltage regulators [34,35,37,44,41,46].
Setting a suitable voltage magnitude at the PCC can lead to great reactive power reduction [34], which has been commonly regulated at
1.00 p.u. [42,43]. However, the PCC voltage magnitude must comply
with local standards. American standard ANSI C84.1 deﬁnes the adequate voltage range from 0.95 p.u. to 1.05 p.u. [40], while European
standard EN 50160 sets a 0.90 p.u. to 1.10 p.u. range [41]. The
methods for reactive power reduction presented in Refs. [35] and [37]
are formulated with the need of extra sensoring of grid or load currents
and grid parameters to determine the suitable PCC voltage magnitude.
On the other hand, Ref. [34] presented a method using only the output
apparent power to track the PCC voltage magnitude in which the processed power is minimal.
This paper proposes a simple and novel control scheme to reduce
the reactive power processed by a Multifunctional Voltage-Quality
Regulator (MVQR) as an alternative for methods presented in Refs.
[34,35,37]. The technique was implemented in an existing MVQR

Fig. 1. Block diagram of proposed control for MVQR.

solution based in a distribution static compensator (DSTATCOM) with
active harmonic ﬁltering feature presented in Ref. [51]. The voltagemagnitude regulation was achieved by reactive power injection only,
while harmonic mitigation was performed by harmonic injection based
on PCC-voltage-detection-method (PCC-VDM). The proposed MVQR
control scheme addition reduces the reactive energy injection when the
voltage level at PCC is within limits of relevant standards. The main
contribution of this paper is the detailed mathematic analysis of the
scheme for reduction the reactive energy injection, which had not been
found in literature. This analysis shows how to design this scheme to
obtain better regulation, guarantee dynamic decoupling from other
control loops, as well as ensure closed-loop system stability. Simulation
and experimental results were carried out for validation of the proposed
control method.
2. Control scheme of proposed MVQR
Proposed PCC voltage regulation scheme is based on a currentcontrolled DSTATCOM. Fig. 1 presents the basis of proposed scheme,
where four outer voltage loops are used for PCC magnitude and harmonics voltage control as well as for dc-link voltage regulation. The
combination of the outer voltage loops outputs generate the reference
* for an inner current control scheme, responsible for the imposition of
iLf
the injected current on PCC. Fig. 2 presents the proposed three-phase
four-wire MVQR control system, where blocks match the colors of Fig. 1
to facilitate the identiﬁcation of each control loop.
The voltage magnitude and harmonics control at PCC are performed
for each phase independently due to three-phase four-wire circuit topology. One can observe that any of the three phases of the inverter can
be used for dc-link voltage regulation. However, in order to minimize
current unbalance among the phases, the same control action is applied
in all the phases to obtain a balanced current of compensation.
PCC voltage magnitude control loop is designed to maintain the
magnitude of vpcc within the acceptable limits deﬁned by the grid code.
This loop changes the reactive power absorbed or injected in the PCC
* is sinusoidal component
depending on rms value of vpcc. So the signal i 90
in quadrature with vpcc. Additionally, PCC voltage harmonic control
loop adds to the current reference signal the content to mitigate the PCC
voltage harmonics. The signal ih* is generated from a scheme based on
the voltage-detection method.
Total dc link voltage control loop is designed for regulation of the
sum of voltages across the dc-link capacitors. The dc link voltage regulation is achieved by absorbing or injecting active power from PCC.
The magnitude of the sinusoidal vpcc in-phase current reference i 0*
controls the active power exchanged with the PCC. Although not presented in this manuscript, this voltage loop can also be used to control
349
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Fig. 2. Block diagram of complete MVQR control system. (For interpretation of the references to color in the text, the reader is referred to the web version of this
article.)

The proposed control scheme works as follows. When urms,ph is positive the control action is generating a capacitive reactive power
compensation that increase vpcc,ph. As a result, it is possible to reduce
the processed reactive power of MVRQ by reducing the reference vol′ * . This can be achieved generating Δvrms with negative value by
tage vrms
inverting urms,ph and processing it by the ﬁlter Hpcc. So, the resulting
* resulting in a lower new
Δvrms is summed to nominal reference vrms
′ * . On the other hand, when urms,ph is negative the control
reference vrms
action is generating a inductive reactive power compensation that decrease vpcc,ph. So, the control system works generating a positive Δvrms
* resulting in a higher new
that is summed to nominal reference vrms
′* .
reference vrms
′ * can be
When this feedback control operates in the linear region, vrms
designed to minimize the reactive power processed by MVQR. On the
′ * to keep it
other hand, the saturation block shown in Fig. 2 forces vrms
values within the adequate levels determined by standards. The scheme
for reactive power minimization is turned oﬀ during saturation, forcing
′ * be ﬁxed at the lower (vrms + Δvrms−) or at the higher
the reference vrms
(vrms + Δvrms+) acceptable levels.
Fig. 3 presents the equivalent block diagram of proposed scheme
assuming that each phase is independent from each other. Fig. 3(a) and
(b) shows the equivalent per phase closed-loop systems assuming that
the saturation block of Fig. 2 is operating in linear region and under
saturation, respectively. The resulting closed-loop transfer function in
linear region and under saturation are given by:

active power injected at PCC by a generator or storage systems connected to dc-link.
On the other hand, the unbalance dc link voltage control loop
maintains null the diﬀerence of voltage between the dc-link capacitors.
Voltage balance can be achieved by injecting a small dc current com* to the current reference, where one dc-link capacitor is
ponent idc
charged more than the other capacitor.
3. Proposed scheme for reduction of processed reactive power by
the MRVQ
PCC voltage magnitude control loop is designed to maintain the
magnitude of vpcc within the acceptable limits deﬁned by the grid code
from Vrms min to Vrms max. [40,41]. As a result, in most cases it is not
necessary that MVQR compensate the voltage magnitude at a constant
level, e.g. 1 p.u., because it demands unnecessary extra reactive power
compensation. This extra compensation may increase both converter
and grid losses.
Fig. 2 presents in green the elements of the proposed scheme for
reduction of processed reactive power by the MVRQ. This scheme
changes the reference for vpcc reducing or increasing its rms value by
Δvrms according to the grid condition but always maintaining vpcc within
the acceptable limits. Since control action urms,A, urms,B and urms,C are
proportional to the magnitude of quadrature component of iLf injected
at PCC, they are directly related to the reactive power processed by
MRVQ. Consequently, aiming to reduce the reactive power processed
by converter, the control action urms,T may be lowered as much as
possible.
One can observe that positive and negative control action urms,A,
urms,B and urms,C correspond to capacitive and inductive current compensation at PCC, respectively. Consequently, positive values for urms,T
increases vpcc while negative values decreases vpcc. In order to reduce
this control action, a feedback loop is included as highlighted in green
in Fig. 2.

Vpcc, ph (s )
kpll hi−1 Cpcc (s ) Gpcc (s )
=
* (s )
Vrms
1 + Cpcc (s )[h v kpll hi−1 Hrms (s ) Gpcc (s ) + Hpcc (s )]

(1)

Vpcc, ph (s )
kpll hi−1 Cpcc (s ) Gpcc (s )
=
* (s )
V pcc
1 + h v kpll hi−1 Hrms (s ) Cpcc (s ) Gpcc (s )

(2)

Fig. 4 presents the frequency response of closed-loop systems given
in Eqs. (1) and (2) for system given in Tables 1 and 2.
The low-pass ﬁlter Hpcc (s) = 1/(2π 0.05 s + 1) is employed to
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Fig. 3. Proposed scheme for reduction of processed reactive power operating in diﬀerent conditions. (a) Normal operation. (b) Under saturation.
Table 2
Manipulated and controlled variables of MVQR.
Control loop

Total dc-link voltage
Unbalance dc-link
voltage
PCC voltage magnitude
PCC voltage harmonics

Controlled variable

Manipulated component of iLf

Variable

Freq.

Freq.

Phase

vBp + vBn
vBp − vBn

dc
dc

ω1
dc

0°
–

vpcc
vpcch

ω1
3ω1, 5ω1,
…

ω1
3ω1, 5ω1, …

90°
–

Table 3
Parameters of MRVQ compensators.

Fig. 4. Frequency response of proposed scheme for reduction of processed reactive under diﬀerent conditions.
Table 1
MVQR parameters.

Control loop

Parameters

Current control

s
+1
816π
s
+ 1⎞
s⎛
⎝ 18, 182π
⎠
s
+1
6π
Ctotal (s ) = −303 ×
s
s⎛
+ 1⎞
⎝ 62π
⎠
s
+1
0.2π
Cunb (s ) = 25 ×
s
+ 1⎞
s⎛
⎠
⎝ 2π
s
+1
2π
Cpcc (s ) = 108 ×
s
+ 1⎞
s⎛
⎠
⎝ 20π

Ci (s ) = 3793 ×

⎜

Paramerter

Variable

Value

Nominal power
Nominal dc bus voltage
Dc bus capacitors
Nominal per phase rms voltage
Upper limit for rms voltage
Lower limit for rms voltage
Grid frequency
Switching frequency
Sampling frequency
Output ﬁlter inductance
Output ﬁlter capacitance
Grid resistance
Grid inductance
Current sensor gain
Voltage sensor gain
Peak value pll reference

So
Vtotal
Cb1 Cb2
Vrms
Vrms max
Vrms min
fg
fsw
fs
Lf
Cf
Rg
Lg
hi
hv
kpll

30 kVA
800 V
14,100 μF
220 V
231 V
209 V
60 Hz
20 kHz
20 kHz
560 μH
50 μF
0.75 Ω
2 mH
0.068
1.000

Total dc-link voltage

Unbalance dc link voltage

PCC voltage magntitude

PCC voltage harmonics

⎟

Q = 5000
k r ,3 = 0.0130
k r ,5 = 0.0078 k r ,7 = 0.0052
k r ,9 = 0.0020 k r ,11 = 0.00052

1/110 2

dynamically decouple the proposed scheme from other inner loops and
rms block calculation. In this case, one can observe a poor regulation
when the proposed scheme operates in linear region since dc gain is
lower than −19 dB. This attenuation can be even enhanced by increasing the dc gain of Hpcc (s). As a result, the output vpcc,ph does not
* but a value closer to vrms
′ * . On the other hand,
track the reference vrms
when there is saturation, the outer voltage can be considered an constant input oﬀset. As a result, the voltage control tracks with zero
′ * = vrms + Δvrms−
steady-state error one of the following references: vrms
′ * = vrms + Δvrms+.
or vrms

Fig. 5. Single-phase representation of experimental setup.

Table 3 presents the parameters of the compensators used in the
MRVQ. In order to simplify the design, the control system was decomposed in independent control loops, where an inner control loop is
351
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Fig. 6. Simulation results of the reactive power reduction loop response. (a) Magnitude of PCC voltages. (b) Components of reactive power reduction scheme.

Fig. 7. Reactive power reduction loop response. (a) Magnitude of PCC voltages. (b) Reactive power reduction control actions.

performance of proposed scheme for reduction of processed power by
MVRQ. The proposed algorithm was designed with Δvrms− = −10 V
and Δvrms+ = 10 V, allowing vpcc voltage deviates from Vrms min +1 V to
Vrms max −1 V (see Table 4). Both simulation results considered balanced non-linear loads only (Slin1 = Slin2 = oﬀ and Snlin = on in
Fig. 5).
Simulation
shown
in
Fig.
6
initially
considers
vg,A = vg,B = vg,C = 220 V and proposed scheme for reduction of processed power by MVRQ turned oﬀ. Fig. 6(a) shows that the MVRQ initially maintained vpcc = 220 V by injecting reactive power, as depicted
in Fig. 6(b). At instant t1 = 1.5 s the proposed scheme was turned on,
which resulted in a reduction of injected reactive power to almost zero.
At instant t1 = 2.5 s a voltage step of −20 V was applied to vg,A, vg,B,
and vg,C, when vPCC initially dropped to a value lower than 210 V, this
forced the saturation of sat block shown in Fig. 2. As a result, the
scheme for reduction of processed power by MVRQ became the control
structure shown in Fig. 3(b). So MVRQ injected only the necessary reactive power to force vpcc to operate at the lower limit of acceptable
voltage range, which is much lower than the power required to force
vpcc to operate at a ﬁxed nominal voltage of 220 V.
Simulation
shown
in
Fig.
7
initially
considers
vg,A = vg,B = vg,C = 228 V and the proposed scheme for reduction of
processed power by MVRQ turned on. Fig. 7(a) shows that this case
resulted in vpcc ≈ 220 V, without any reactive compensation. At instant
t1 = 1.5 s a voltage step of +20 V was applied only to vg,A. Then the
voltage reference for all phases were risen to 226 V in order to maintain
a balanced output voltage as well as to minimize the processed reactive
power by all three phases. At instant t1 = 2.75 s a voltage step of
−20 V is applied in vg,C, so the reference dropped to 219.3 V in order to

Table 4
Measured values for balanced non-linear loads.
Paramerter

PCC voltage — rms
PCC voltage — THD
Grid current — rms
Grid current — THD
Converter current — rms

Variable

vpcc
THDvpcc
ig
THDig
ic

MVRQ compensator
On

Oﬀ

212 V
6.1%
13.1 A
27.0%
0.0 A

220 V
1.4%
19.7 A
4.5%
12.8 A

dynamically decoupled from outer voltage loops. This assumption is
valid assuming that inner control loop has a faster dynamic response in
relation to outer ones.

4. Simulations and experimental results
Simulation analysis was used to evaluate the behavior of proposed
control scheme for reduction of processed reactive power. Fig. 5 shows
the single-phase representation of the test setup, where loads are a
combination of linear and nonlinear loads. Three equilibrated resistances comprised linear loads, while three single-phase diode rectiﬁers with capacitive ﬁlter comprised non-linear loads. Balanced loads
were used in simulation to match experimental setup. To emulate unbalanced compensation, the voltage source was unbalanced when appropriated, thus having a similar eﬀect of unbalanced loads in the
system.
Figs. 6 and 7 show simulation results to demonstrate the
352
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Fig. 8. Picture of built prototype.

Fig. 9. Experimental results for balanced nonlinear loads at phase A. (a) PCC voltage (100 V/div, 5 ms/div). (b) Grid, load, and converter currents (40 A/div, 5 ms/
div). (c) Control components of iLf (20 A/div, 5 ms/div). (d) Harmonic components of grid, load, and converter currents.

(Slin1 = Slin2 = oﬀ and Snlin = on). Fig. 9(a) presents both waveforms of
PCC voltages for the system with MVQR compensation turned on and
oﬀ. Fig. 9(b) and (c) shows the waveforms and the four components of
reference iLf* generated by the outer voltage loops. Finally, Fig. 9(d)
shows harmonic spectrum of grid current (igd), load current (iL) and
converter current (ic). Implementing the proposed scheme would reduce the component i90 of Fig. 9(c) to nearly zero and keep components

decrease urmsT up to nearly 0, where urmsT = urmsA+urmsB+urmsC/see
Fig. 4.
Aiming to conﬁrm the functionality of the existing MVRQ control
scheme and detail the eﬀects of the proposed control addition, a prototype was built based on speciﬁcations presented in Table 1. Fig. 8
shows the built prototype.
Fig. 9 presents experimental results for balanced non-linear loads
353
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Fig. 10. Experimental results for load step in phase A. (a) rms voltages at vPCC (ac coupling, 10 V/div, 25 ms/div). (b) Grid, load, and converter currents (40 A/div,
25 ms/div).

results. Thus, providing a wider view of the proposed solution.
Proposed scheme demonstrated itself as very eﬀective in reducing
MVRQ processed power while still complying with voltage regulation
standards. The processed reactive power was approximately the
minimal required to maintain all PCC voltages balanced within the
acceptable voltage range. A simple method for reduction of processed
reactive power was demonstrated, without the need of additional sensing of grid or load currents as well as not requiring grid parameters to
determine the suitable PCC voltage magnitude.
The novel control scheme gives good results, presenting itself as a
worthy implementation in similar systems as it uses very little resources
and provides great beneﬁts, especially in similar MVQT structures
where signals proportional to output reactive power are decoupled.

iDC, i0 and ih unchanged. This will minimize the fundamental component of iC in Fig. 9(b), and result in an amplitude reduction of igd and
compensated voltage of Fig. 9(a) but keeping their compensated harmonic content. The eﬀect of this will be to reduce the current circulation in the system during adequate voltage periods.
Table 4 shows the measured values with the existing MVRQ compensation turned oﬀ and on. One can observe from these results that
proposed MVRQ compensation scheme compensates a distorted iL by
generating a compensation current ic, resulting in a regulated PCC
voltage with reduced distortion.
Fig. 10 presents experimental results for a linear load step
(Slin1 = on, Slin2 = oﬀ, and Snlin = oﬀ). First the system operates at
steady state until instant t1 when Slin2 is turned on. Fig. 10(a) shows that
PCC rms voltage dropped to 210 V after the load step but the control
action was fast enough to restore nominal value after approximately
100 ms. Fig. 10(b) shows that quadrature component of reference
current i90 has its value modiﬁed by the transient, while the other references were kept unchanged. The implementation of the proposed
scheme would result in a slow reduction of i90 amplitude, resulting in a
slow reduction of VPCC, but guarantying VPCC amplitudes do not drop
below Vrms min.
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