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This paper proposes voltage compensation method performed by a dynamic voltage restorer (DVR) that mini-
mizes its output power and can also be adapted to minimize its compensating voltage amplitude. The method
relies on the construction of a proper voltage reference which takes into account the load power factor and
makes use of a recursive least square (RLS) technique. The RLS estimates the grid voltage amplitude and can also
be applied to estimate the grid voltage phase, in the case of the minimization of the injected voltage amplitude.
This paper also introduces a repetitive controller to track the compensating voltage. This controller is suitable for

sinusoidal references and is robust to harmonic distortions, sags and swells. Simulated and experimental results
show the DVR efficacy to protect the load under different deviations of the grid voltage.

1. Introduction

Nowadays, due to the increasing number of nonlinear loads con-
nected to the power grid, the presence of harmonic voltages in the
distribution level is a matter of great concern. In addition, it is reported
that sags and swells are among the most common power quality (PQ)
problem inflicting the utility’s customers [1]. Furthermore, the portion
of sensitive and critical loads, based on power electronics, connected to
the grid are significant [2,3]. This scenario suggests the importance of
multi-focused PQ solutions.

With regards to grid faults, two types of approaches are described to
deal with such problems. The first one is to increase the capacity of the
power grid in coping with the effects of the faults by means of actions
that lead to the redundancy of the power supply, refinement of main-
tenance procedures or replacement of obsolete or aged equipment
[4-6]. These actions are based on overall vision of the grid and usually
are taken by utilities, which are central agents for the system. The other
approach is complementary to the first one and seeks for local solutions,
usually implanted by the utilities’ costumers. This latter approach is
typified by the usage of equipment such as DVRs or series power filters
[1,7-9].

Numerous problems that inflict critical loads and negatively score
the quality of the power grid are the short-duration voltage variations,

represented in greater numbers by voltage sags and swells [10-13].
Dynamic voltage restorers and uninterrupted power supplies are the
appliances that best represent custom power devices for repairing these
disturbances [14-16]. In addition to sags and swells, harmonic distor-
tions are disturbances commonly presented in the grid voltages.
Therefore, there is a clear demand for devices capable of dealing with
different kinds of variations. The DVR proposed in this paper is aimed
to this purpose.

A compensating voltage from a DVR can be constructed in three
different forms. In the first one, the voltage level is minimum. The
second form is executed to assure that the DVR output power is null or
minimum. In the third one, the compensating voltage is built to es-
tablish the pre-sagged voltage conditions [17]. This latter form has the
drawback of not allowing the optimization of both power and voltage
level. Voltage levels are optimized in [14,16,18,19]. In [3,20], the DVR
control systems operate to minimize the power injected from the DVR
into the grid. The voltage restoration to pre-sagged conditions are
proposed in [3,8,21,22].

A method that minimizes the DVR output power is introduced in
this paper. The method consists of the generation of a proper voltage
reference to the DVR controller. This reference assures that the output
power is null or minimum. It is built with the assistance of an RLS
algorithm [23,24] that computes the grid voltage amplitude. The phase
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for the reference is determined by a reasoning which takes into account
the power factor of the load covered by the DVR.

In addition to the voltage reference construction, this paper also
proposes a repetitive controller which rules the compensating voltages
in each phase separately [25]. This control strategy advantages over dq
control schemes [19,26] that usually requires estimation of the positive
sequence component of the three-phase voltages [27]. In addition, this
kind of control can promptly be applied to single-phase systems. The
repetitive control is suitable as it is a resonant controller which tracks
sinusoidal references [28-30]. But unlike this latter controller, it is
represented by a simple transcendental transfer function equivalent to
infinite resonant controllers in parallel. This avoids the need of multi-
ples selective harmonic filters which would increase the computational
complexity of the system [31,32]. It is worth mentioning that another
alternative to track sinusoidal references is suggested in [33], based in a
fractional order proportional integral.

Finally, it is important to point out that the voltage reference gen-
eration procedure proposed in this paper can easily be adapted to also
minimize the voltage amplitude injected by the DVR. This is due to the
fact that the RLS algorithm also can be applied to estimate the phase of
the grid voltage beyond its amplitude. This possibility is exploit in this
paper and results are produced using such approach.

2. Process and control system design

Fig. 1(a) presents the proposal of the series compensator in which
the single-phase equivalent is shown in Fig. 1(b).

This way, v, is the voltage applied on the point of common cou-
pling (PCC). The current i from the power grid has two components: i,
due to the all the other loads connected to the same bus and the current
i that supplies the critical load, L and R are the inductance and the
resistance related to the series coupling transform of the compensator, v
is the voltage applied to the sensitive load and u is the adjusting vol-
tage.

The sensitive load voltage can be represented by:

. d.
V(£) = Vpee(£) — Ri(t) — Lal(t) + u(t). a

The control proposal of this paper employing (1) is depicted

Grid
Voltage
ZS' S
PCC : :
J_—. Energy
I— T Storage
 PowerTuverter |
—— e —
Loads  Sensitive
Load

Sensitive
Load

(b)

Fig. 1. Protected sensitive load. (a) Single-ended electrical representation for
disturbance compensation. (b) Grid compensation and load in single-phase
representation.
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Fig. 2. Repetitive control scheme for the series compensator.

according to the diagram block shown in Fig. 2.

The transfer functions G; and G, represent the system to be con-
trolled. Due to high switching frequency the dynamic voltage restore
can be modeled as delay G, = e~ in which it is the sum of a sampling
and switching periods. The transfer function G, = Ls + R represents the
impedance of the coupling transformer, and G, is the repetitive con-
troller of the system. The entries of the control system are the reference
voltage to be applicable on the critical load (V*), the common coupling
voltage Vp.. and the current I from the grid. And, Uy, is the voltage
produced by the proposed DVR control system. Thus, it can be rewrite
as:

V(s) = E@)V*(s) + F()Vpee(s) + E()I(s), )
where
E(s) = 1+ GC(S)]GI(S)’

1+ G.(s)G1(s) 3

_ 1=-Gi(v)

Y= G e6ae @)
E(s) = _627(5).

1+ G.(s)G1(s) 5)

In the repetitive control theory [34], the controller, as a rule, can be
written as:

Q(s)
1—e s (6)
where w; is the grid frequency and Q(s) is the transfer function that

guarantees the feedback system stability. Substituting (6) in (3)—(5)
carry out

[1- 4 o))

G.(s) =

E‘(S) = 2, ’
1 —e a1 + Q(s)G(s) @
1 — Gy(s 1—e s
N et O) i}
1 — e @ + Q(s)Gi(s) 8
E(S) __ [1 - 675713]62

1— e 50 + Q(8)G1(s) ©)

When the frequency response of (7)-(9) is examined the terms
(1 - e‘égj“’) are zero when w is a multiple of w;, with s = jw. This way,
F,(jop) = 0, E(jwp) =0 and E(jwy) =1, in case of w, = hw;, where
h =0, 1, 2...,00. Thus, by analyzing (2), the voltage V produced by the
output of the control system is the reference voltage V*. This is a
guarantee that the output tracks the reference.

{t-4)
The system can be unstable if Q(s) = e [ 1P [35]. Hence, it is
possible to make changes in G, (s) and it becomes

F(s)e~(T-i0)s

GO = T e 10)

where 7, is the estimated time delay for the DVR, F(s) is a low-pass
filter transfer function, T is the fundamental period minus §. This
parameter is chosen by means & < (277/w;). This way, the alteration in
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Table 1
Parameters designed to the control system.
Parameter Value

é 555 us
£ 10 kHz
% 1/2f,)
T 16.11 ms
w1 377 rad/s

‘sz'(' + ] Qp(t(‘ P/on,r/ + ] anur]
— —
L a_
+
/Upw(‘ T Zload V
- sz,‘r + jerm‘ B

Fig. 3. References of power flow directions.

the equation of the controller guarantees reproduction of the references
and the harmonic mitigation. The parameters used in this proposed
system are summarized in Table 1.

3. Strategies of voltage sag compensation

Fig. 3 is a schematic representation of the power grid supplying a
load that is protected by a DVR. It is depicted in this figure, the complex
power flowing through the whole system. The voltage Uy, can be
generated by the DVR in three modes which are illustrated in Fig. 4. In
the first mode, the applied voltage on the load has the same phase-angle
of the pre-dipped grid voltage. This case has the advantage to avoid
phase-jumps which can be destructive to sensitive loads. The second
operation mode occurs when the voltage correction is performed by
applying voltage synchronously during the voltage sag. This scheme
requires lower levels of voltages and it is very interesting when the DC-
link voltage is limited to two levels. The third operation mode allows
the voltage application under a minimum active power value demanded
from the controller. This mode can be useful when the DC-link is sup-
plied by accumulators and it can prolong its life-cycle.

The third mode for compensating voltage is the main focus of this
work. The development of the equation to produce the control re-
ference assuring the minimization of injected active power is as follows.
Initially, the equations for active power supplied by the grid and con-
sumed by the load are presented by

Ppcc = |Vpcc||I|COS¢g (11)
Piogqg = |V||I|COS¢1- (12)

By using the difference between (12) and (11) is possible to

rated __* U, dvr—3

voltage

Fig. 4. Voltage vectorial schematic for dropped voltage mitigation.
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calculate the active power injected by the controller and it is given by

Vpcc
Byr = |V |1 COSQSI - 7COS¢g

a3

Egs. (11)-(13) may be represented in per unit values and the power
base is |V||I|. In this case, the controller must keep the load voltage in
the nominal value (]V| = 1). Hence, (13) becomes

B‘lvr = fpl - |Vpcclcos¢g (]4)

where fp, = cosg,. Regarding (14), two possibilities can be reached for
the active power injection from the compensator. One possibility is
when the injected power is zero. In the second, the power is not zero
but it is minimized. This happens due to the intensity of the sag af-
fecting the voltage. Hence, it is necessary to devise a limit of sag which
determines whether the first or second possibility is executed by the
control system. In the first case, By, = 0, and the following expression is
true

0 =fpl - pcccos¢ 5 (]5)

and therefore,

bjJ] ]
Cosgp, =
¢g ( |Vpcc | (] 6)

bj] )
= arccos .
¢g ( |Vpcc | (] 7)

Considering 0 < cosqbg < 1, the condition for null injected active
power can be reached if

Vpeel Z 1p;5 (18)

in other words, the voltage sag in pu value cannot be less than the load
power factor.

When (18) is not satisfied, the active power can still be minimized.
Hence, the grid supplies a maximum active power, causing current and
voltage of the grid to be in phase (cos¢, = 1). Hence, the power supplied
by the compensator is given by

Py = for = Veel. (19)
The compensator can absorb power from the grid if PJi" is negative
and this condition must be avoided. From the circuit depicted in Fig. 3,

one can write:

Unr =V = Vpee (20)
By using phasorial representation (20) is given by:

Uanr 148 = 12(¢ — @) — A = [Uar D (21)

Considering the situation where the active power injected is null,
the magnitude and the phase of U3, is represented by

0
Udvr

= (Vheel +2(1 = [Vpee DI = cos(; — ¢,)] 2

0= arctan[

sin(¢, — ¢,) ]

COS(¢[ - ¢g) - (1 - |Vpcc|) (23)

Likewise, when the active power injected cannot be null but mini-
mized, Uj," is represented by

min
Udvr

= IVEl +2(1 = [Vpee DA = cosg)

24

sing,

COS¢I - (1 - |VpL‘c|)

prmin = arctan[
(25)

A RLS algorithm that estimates the parameters from sinusoidal
signals [36] is necessary to carry out the proposed method. This
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cos(wt + B)

Fig. 5. Recursive least-squares applied to generating set point voltage.

algorithm is discussed in the next section.

4. Arecursive Least-Squares algorithm for voltage grid parameters
estimation

The scheme presented in Fig. 5 allows the estimation of the voltage
reference V* for the control system is depicted in Fig. 2. One can note
that the RLS estimation is applied to furnish the magnitude of the grid
voltage. The difference between a given nominal value and this mag-
nitude is applied to the compensating voltage. This result is multiplied
by a cosine function with initial phase 8 which is computed by (23) or
(25), depending on whether the injected power is null or minimum.
Finally, the injected voltage Uy, subtracts the measured voltage grid to
produce V*.

The estimation of the magnitude and phase of a voltage signal is
achieved by the RLS estimator employed in this paper. The RLS is based
on a signal model composed by a sum of p sinusoids, with one being the
fundamental, and the others being harmonics. This assures the esti-
mator robustness with regards to harmonics. Designating the voltage
signals by v,, the model ¥, is expressed as

P
\?g[nAt] =, [n] = E VGmcos[ma)onAt + ot]

m

(26)

where a,, and V,, being, respectively, the phase and the amplitude of
the sinusoid of mw, frequency. At is the sample period. The first sinu-
soid are related to the fundamental phasor.

To adapt (26) for the RLS algorithm, one uses a well-known trigo-
nometrical identity to obtain

P
U [n] = Z [VEmcos(mmonAt) — V§,sin(mawonAt)],
m=1 (27)
where V§,, and V¢, are related to the model (26) by using the equations

s
VGm

Ve (29)

Eq. (27) can be written as

ay, = —arctan

O [nl = ¢/ @, (30)
in which ¢, is a vector of regressors given by

cos(wonAt)
sin(wonAt)

¢. = >
cos(pwonAt)

sin(pwonAt) (31)

and g, is a vector of parameters to be determined and whose elements
are given by

by = [Vlc Vs -+ Vpc Vps]T~ (32)

The discordance between v, and 7 at the instant ¢, is an error e[n],
defined as

e[n] = v [n] — %[nl. (33)
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The RLS algorithm updates the estimative for the parameters ac-
cording to [37]

Pop1 = @ + Knpue[n + 1], (34)
where K, is a gain defined as
K,=P, o (35)

and P, is the covariance matrix to be updated by the following recursive
equation

P4, 4P,
1+ ¢ B¢, (36)

Pii=E

The covariance matrix is initially adjusted to be diagonal with the
elements being high values in comparison with the values of the
parameters to be estimated. During the RLS application, as the esti-
mation converges for the true values of the parameters, the P, norm is
reduced. This means that the algorithm is less adaptable. There are
numerous manners to provide adaptability to the algorithm. The one
selected here is designated Modified Random Walking (MRW) [38]. In
this technique, the covariance matrix is updated according to the fol-
lowing rule

Pupnd. Pn .
_—an - <
- P, iy if le[n]l < €
P,+R if le[n]l > € 37

where € is arbitrarily adjusted. It is worth stressing that at each sam-
pling period, the magnitude of the grid voltage is provided by (28).

5. Simulated results

The results depicted in this section have been generated within the
Simulink environmental. Firstly, two scenarios of faults are here con-
sidered to test the capability of the repetitive controller to cope with sag
and harmonic distortions.

In the first scenario, the controller deals with the a sagged voltage in
one of the phases. The compensated and the sagged voltage are de-
picted in Fig. 6. The 50% voltage sag starts at 20 ms and ended at 80 ms.
The settling time is about 0.2 ms and the overshoot is 5% at the be-
ginning of the sag. From the extinction of the event, the overshoot is
18%. The figure shows that the controller promptly restores the voltage
to its nominal parameters. The voltage has a peak during the transient
when the voltage sag is finished but it is rapidly suppressed. It can be
noticed that the compensated and sagged voltages are in-phase, in-
dicating that the reference to the controller is produced to minimize the
compensating voltage amplitude.

The second scenario is shown in Fig. 7 and the voltage is affected by
a sag and harmonic distortions simultaneously. The proposed repetitive
controller is able to mitigate the voltage sag and the harmonics. The
DVR supplies the load with a sinusoidal voltage. The settling time is
approximately 0.2 ms, while the overshoot is 4.6% at the beginning and
18% at the end. During the sag the controlled voltage is established to
the its rated value and the total harmonic distortion (THD) is 24.63%
(grid). The compensated voltage by the controller has the THD of

Grid

\

Controlled
.

=
o
o

Voltages (V)
o

0 5‘0 100
Time (ms)

Fig. 6. Voltage sag compensation on the load.



J.R.S. Martins, et al.

" Controlled

Grid

e
o
o

Voltages (V)

-100

0 50 100
Time (ms)

Fig. 7. Voltage sag and distortion compensation on the load.

Fundamental (60Hz) = 76.01 , THD= 32.99%
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Fig. 8. Total harmonic distortion. (a) Electrical grid. (b) Protected load.

0.97%, illustrating that the DVR compensation is significant. Fig. 8(a)
and (b) show the graphs of the magnitudes of the fundamental and the
harmonics contained in the distorted grid voltage and the compensated
voltage, respectively. It is noticeable that the DVR largely attenuates
the harmonics, particularly the third-order one.

A second set of simulated results have been produced illustrating the
performance of the DVR when it is protecting a load of power factor of
0.7. In this set, the results for the first simulation are depicted in Fig. 9.
Here, the reference for the DVR controller is generated so that the
amplitude of the voltage injected by the DVR, Upyg, is minimum. The
amplitude of the grid voltage, V)., during the sag is about 80% of its
nominal value. From the figure, it is evident that the corrected voltage,
V, across the load is kept in the expected rated value. The corrent I is
also drawn (in red) in the figure. It is lagged from the V., once the
power is not being optimized in this case.

The simulated results to minimum power injection by the DVR are

Electrical Power and Energy Systems 116 (2020) 105569
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o 50 100
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Fig. 9. DVR Compensating results - Minimum voltage injected.
100
S
)
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-100 !
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Fig. 10. DVR Compensating results - Minimum power injected.

depicted in Fig. 10. In this case, the sag affecting the voltage imposes
the condition |V} | < fp,. Hence, the compensating voltage is built with
(24) and (25). In the same figure it is possible to observe that the in-
jected voltage is not synchronized with the load voltage nor the pre-
sagged grid voltage. The grid voltage is almost in-phase with the cur-
rent I, assuring that the grid is furnishing as much as possible active
power and, consequently minimizing the power provided by the DVR.
Thus, this case guarantees the active power supplied by the DVR is
minimum. In this case, it is evident that the injected voltage, Upyy is
significantly larger when compared to the case shown in Fig. 9.

Another case, yet related to minimizing the output active power
from the DVR during compensation, is the situation where the injected
power to the grid is zero. In this case, the sag level must be greater than
the load power factor, that is, |V, | > fp,. Hence, (22) and (23) are used
to build the injected voltage. The results for this scenario are shown in
Fig. 11. The results show a 90-degree delay between the injected vol-
tage and the load current, indicating null active power from the DVR.
The null power injection might be considered a particular case of the
minimum power injection strategy. Therefore, the algorithm that con-
trols the voltage compensator must predict this condition to assure that
the device reaches its maximum efficiency in terms of energy. The
settling time is about 0.05 ms in every waveforms compensations shown
in Figs. 9-11.

6. Experimental approach and results

In this section, laboratory experiments have been carried out for
corroboration of the simulated results. The power and acquisition-
control stages of the experimental setup are shown in the Fig. 12. On
the front stage are placed the voltage source inverter (VSI), the power
grid, the 1:1 ratio injection transformers, LC PWM filters and RL loads.
Accordingly to the simulated results, the load power factor has been
fixed in 0.7. The acquisition-control stage is comprised of voltage and
current conditioning circuits based on Hall-effect sensors, switched
power supplies, and digital signal processor (DSP) from Texas

100

Voltage (V)
o

-100 . —
0 50 100
Time (ms)

Fig. 11. DVR Compensating results - Zero power injected.
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Fig. 12. Laboratory-scale series compensator. (a) Electric grid and power de-
vices. (b) Control and acquisition system.

Vpee
R L0000, 5
C
Vipee
p I 1
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Phase
92 —{ Inverter . .
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Vpce| |bg 95—
T
v %
Caleulation of | 1* | Repetitive| Us n
alculation of | y* | Repetitive| Udvr | py1-y o g
reference voltage [ | controller > 2
— 9%

Fig. 13. Schematic diagram of the measuring and control system for load vol-
tage compensation.

200V/ 2 200V/ 4 20005 50003  Parar £ 17.1v
=+ Agilent

Aquisicdo

Vped
/ lormal
fa Vv A ZIJNUMSaIIs

/ aw—
NN
/4

\\ oC 00:1
0c 1.00:1
H ; v\ [:  Medigtes ¢/
1 7 Ampl(1):
50.3V
y Z/ \ Z/ ApI)
v ___ 40.2V

Freq(1):
60.053Hz
Freq(”):

60.090Hz

Fig. 14. Experimental results - Harmonic voltage compensation.

Instruments, which has the capability of processing and generating
PWM signals that are suitable for the this application. The grid faults
have been generated with a programmable power source. The repetitive
controller is implemented by the trapezoidal integration method. The
inverter switching frequency is 10 kHz, which corresponds to the same
sampling frequency. The compensating voltages are realized by a di-
gital scalar PWM [39]. For a better understanding of how the measuring
system is set together with the control system, a schematic diagram is
shown in Fig. 13. To show the effectiveness of the proposed control
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500v/ 2 500V/ 3 500v/ 4 1.00A/ 50603 10003/ Parar M 0.0V
s Agilent
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15"‘17/ W UIdw?W T’ —

NN N

—

=

Fig. 15. Experimental results - Minimum voltage injected.

method in mitigating other interferences besides sags, in Fig. 14 is
displayed a result on the oscilloscope screen where the DVR regulates
harmonic distortions from the grid. This reduction is not the DVR main
objective, but it is interesting to explore to extra functionality. It is clear
the method greatly reduce the distortions. The harmonic content of the
scenario is equal to the simulated case.

Fig. 15 shows the result referring to the approach of the minimum
voltage method. As previously described, the injected voltage by the
compensator (Upyz) is in phase with the sagged grid (V) ensuring a
minimum level of Upyx. Furthermore, as in the simulated case, the sag is
50%. In the same figure, it can still be seen that the current I, which is
lagged in relation to the load voltage (inductive current), has a small
distortion. This takes place as the current level saturates the load in-
ductors. However, this does not in any way impair the control purposes,
since the voltages are corrected by the DVR. The load voltage reaches
the desired nominal value for the experimental case, which is 100V
peak.

The results shown in Fig. 16 represent the scenario of minimum
power injection by the DVR, since the voltage sag level is about 60%,
that is, meeting the request |V,.| < fp,. It can be observed that the
current is lagged approximately 90 degrees in relation to the Upyg,
which indicates the injected active power is quite low. In addition, the
grid voltage and current are near in-phase, which indicates that the grid
supplies its maximum power to the load. Despite the merit of the
minimum power, the voltage level for the realization of this scenario is
almost the double of the previous one. Therefore, the use of one or the
other minimum voltage or power criterion is a trade-off of having a
minimum voltage level in the compensator DC-link.

The last scenario to be analyzed is the one shown in Fig. 17. The
voltage sag level is about 80%, that is, meeting the request |V,..| > fp;.
This condition permits zero power injection from the DVR. Here, one
can readily notice is a 90 degree delay between the compensating
voltage and the load current. Hence the DVR does not inject active
power to carry out the voltage compensation. However, the voltage
level is higher. The output voltage is restored to its nominal value
during the event.

500v/ 2 S00V/ 3 S00V/ 4 1004/ 26008 1000%  Parar M 0.0V
- Agilent

1~ Aquisico |

Alto Res

* 10.0MSa/s
v, i |
- P -
L. YDep T s ||

500

N 77N NN
SN NS

=~

Fig. 16. Experimental results - Minimum power injected.
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500v/ 2 500v/ 3 500V/ 4 1004/ AB60: 10003/ Parar M 0oV
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‘/7 v Alto Res
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7. Conclusions

This paper has proposed a DVR-based compensation voltage to
protect critical loads that relies on the construction of a proper voltage
reference to the DVR control system. The tracking of such reference
assures that the DVR output power is minimized during a fault occur-
rence. The reference computation is carried out by using a recursive
least square algorithm and the knowledge of the load power factor.
Also, the proposed method can be modified to minimize the compen-
sating voltage amplitude. This paper has also proposed a repetitive
controller to the DVR able which is stable and robust to harmonic
distortions. This feature allows the proposed compensation method to
cope with harmonics and sags simultaneously. Also, the proposed
method can be promptly applied to single-phase systems because it is
applied separately in each phase of the three-phase grid and, therefore,
does not require the use of sequence estimation procedures, unlike
schemes based on synchronous reference frames controllers. An ex-
perimental setup has been mounted to verify all scenarios that have
been computationally simulated. The results ratifies the proposed
controller and demonstrate its efficacy.
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