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Abstract - Shunt active power filters (SAPF)
implemented without harmonic detection schemes
compensate the harmonic distortion and reactive power
of the load simultaneously. However, their compensation
capabilities are limited by the SAPF power converter
rating. Such a restriction can be minimized if the
level of the reactive power demanded by the SAPF is
managed. An estimation scheme for determining the filter
currents is introduced to manage the level of reactive
power compensation. The effectiveness of the proposed
control strategy is ensured by introducing a feedforward
scheme on the DC-link voltage regulation. In addition,
a robust control based on adaptive pole placement with
a variable structure scheme regulates the grid currents.
Experimental results are shown for demonstrating the
effectiveness of the proposed S AP F system.

Keywords — Adaptive Control Strategy, Harmonic
Compensation, Power Factor Correction, Selective Power
Quality Compensation, Shunt Active Power Filter.

LIST OF VARIABLES

Vs123 PCC three-phase voltages

Vf103 S APF Three-phase reference voltages

Ve DC-Link voltage

vk DC-Link reference voltage

Vsdg Grid dq phase voltages in rotational frame

Vg SAPF dq reference phase voltages in
rotational frame

%y SAPF g-phase reference current in
rotational frame

?fc 4 SAPF g-phase estimated current in
rotational frame

;; q SAPF average value of g-phase estimated
current in rotational frame

iy Grid g-phase reference current in rotational
frame

Oy SAPF d-phase reference current in
rotational frame

?jf d SAPF d-phase estimated current in
rotational frame

15, Grid d-phase current in rotational frame
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15y Grid d-phase reference current in
rotational frame

T5dg Grid dq phase currents in the stationary
frame

05 Grid voltage vector angle

ioy Grid d-phase reference current in the

stationary frame

Grid g-phase reference current in the
stationary frame

54 Grid d-phase current in the stationary
frame

Grid g¢-phase reference current in the
stationary frame

Vg SAPF d-phase reference voltage in
rotational frame
V%, SAPF g-phase reference voltage in

rotational frame

I. INTRODUCTION

The growing use of nonlinear load as embedded dispositive
in household, commercial or industrial electronic-based
appliances has deteriorated the power quality of the mains.
These loads can generate current harmonics and reactive
power that end up with voltage drops on the supply
network impedance, which can lead to unbalance conditions.
Conventional solutions such as passive filters for reducing
harmonic pollution are ineffective. Furthermore, the standards
and recommendations that delimit the boundaries of harmonic
distortion and reactive power in the power systems have
become ever more restricted [1], [2], which has stimulated the
use of active power compensation [3], [4].

Shunt active power filters (SAPF) have been extensively
used for compensation of harmonics, reactive power or
unbalanced conditions [5]. The conventional control schemes
applied to SAPF are normally harmonic extractors based
strategies (HEBYS). Their effectiveness depends on how
quickly and accurately harmonic components of nonlinear
loads are identified [6]. Harmonic extractors used in H EB.S
can be implemented by using different approaches such as:
traditional dq method [7], pq theory [8], adaptive filters [9],
wavelet [10], genetic algorithm (G A) [11] or artificial neural
network (ANN) [12]. The SAPF can also be implemented
without the use of load harmonic extractors. In this case,
the harmonic compensation can be obtained from the power
balance active system [13], [14], i.e., balanced energy based
schemes (BEBS) [14].
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The control systems of SAPF implemented based on
HEBS or BEBS methodologies are normally accomplished
by a cascade strategy with both inner and outer control loops.
The inner one regulates either the filter currents (H EBS) or
grid currents (B E B.S), while the outer control loop deals with
DC — link voltage regulation. The effectiveness of both
methodologies depends on the performance of both control
loops. In general, PI controllers have been used for regulating
the DC — link voltage on both approaches. However, other
alternatives have been proposed, such as feedforward schemes
[15] and adaptive control [16]. Regarding the current control
strategies, PI controllers in the grid voltage vector reference
frame have been employed as a standard solution [17]. Other
solutions employ dead-beat control [18], sliding mode control
[19], adaptive control [20], resonant control [21] or repetitive-
based control [22]. When the SAPF are implemented
according to BE B.S methodology the current control strategy
can be simplified by using only one resonant controller, tuned
at the fundamental frequency [14].

Recently, an adaptive control strategy applied to SAPF
(using the BEBS methodology) has been proposed for
compensation of harmonic distortion, reactive power and
unbalanced load [14]. As presented in [14] the current
control is implemented by an adaptive pole placement control
along with a variable structure scheme (V.S — APPC). The
main advantage of the proposed control strategy refers to the
reduction of SAPF complexity of implementation, resulting
in reduced costs due to the no necessity of load and filter phase
current measurements. However, this control scheme has two
drawbacks: poor performance of the DC'—link voltage control
loop during the occurrence of severe load variations and, the
necessity of simultaneous full compensation of the harmonic
distortion and reactive power. Although full compensation at
the point of common coupling (PCC) is ideal, sometimes this
may not be feasible due to the limited power rating of the
SAPF power converter.

This paper proposes a modification in the structure
presented in [14] that improves SAPF performance. In this
new approach, a feedforward scheme, based on the estimation
of filter currents is introduced in the DC —link voltage control
loop. It anticipates the possible effects arising from severe
load variations increasing the controller performance during
these transients. Moreover, based upon the estimation of
the SAPF filter currents, it is proposed a new strategy that
allows flexibility of reactive power compensation (for BEBS
methodology). Thus, it is possible to establish the weights
of reactive power without violating the power rating limit
imposed by the SAPF power converter. The proposed control
technique is very suitable for digital control. The effectiveness
of the proposed control scheme is demonstrated throughout
several experimental results.

II. SYSTEM DESCRIPTION AND MODELING

Figure II presents the schematic of the SAPF used in the
laboratory prototype. It comprises a three-phase grid source
(es123) with its internal impedance (Zs = 75 + sls) that
connects a three-phase load such a load is composed of parallel
association of a non-controlled rectifier and a three-phase RL
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Fig. 1. Basic diagram of a shunt active power filter system connected
to the power grid.

load (Z; = r + sl;). The SAPF is implemented by a voltage
source inverter (V' .ST) connected to PC'C' through inductors
ly (Zy = ry + sly, wherein 7 is the intrinsic resistance of
lr). The control system is implemented by a digital signal
processor (DS P) connected to a plug-in board (PB). The PB
is assembled with voltage and current sensors, as well as, the
converter circuit drivers, which commands the power converter
via optical fiber links (OF L).

A. System Modeling
The SAPF system can be represented by the per-phase
equivalent circuit presented in Figure 2 [14].

E,

Fig. 2. Per-phase equivalent circuit of a shunt active power filter
system.

In this circuit, the nonlinear load is represented by the
current source [, that represents the distortions generated by
the rectifier. From the equivalent circuit of Figure 2, the
transfer function in dq stationary reference frame can be given
by

l
Iiéq(s) _on (1+sr—ll)

Viaq(s) Vo 8%+ Jhs 4 8
where v = lllf + Ul —‘rlfls, Y1 = Tllf —‘y—TfZl +rils + 1l +
rils+rslyand vy = ryry+rrs+rprs. The equivalent power

(D
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grid phase current is Isdq =13, — 124, — I{fézq’ wherein the
parcels 17, and ] Sd refer to the influence of the power grid
and the system load respectlvely If we consider the usual case
where Z, < Z; < Zj, the following simplification can be

done:

Yo & Lly 4 Uils, 2
Y~ Tllf + 7”fll + rils + 1l 3)
Yo =TTy +1Ts. 4)

Therefore, the order of Equation (1) could be reduced, which
results in

Iag(s) by
s(s) = = - 5
Gals) = VEia(8) 5+ a, )
rr+rs

where by, =

= T +l and a, = T In this model, parameters
r1, 11, 779, 77, and -y, can vary as a function of the random

behavior of nonlinear load or the grid impedances [14].

III. CONTROL SCHEME

Figure 3 presents the control block diagram for SAPF
based on the BE BS methodology along with a flexible power
quality compensation scheme. To enhance the performance
of the DC — link and provide the flexibility of the reactive
compensation, an estimation scheme (block E'stimator) is
introduced for obtaining the filter currents ?jc dg» 10 dg rotational
frame of the power grid voltage vector. The DC —link voltage
is regulated by a P controller with anti-windup. At the output
of this controller is added the estimate of the system load
current zl ) (feedforward scheme (F'F)) determlned from the
SAPF current estlmate i d (z b= 1%y — i ¥ ¢ g) for determining
the reference current 77;. The correct value of this reference
current guarantees the SAPF energy balance. This one is
also used in a control scheme to allow the reactive power
compensation flexibility. For this purpose, it is introduced
another control loop at ¢ axis that determines the reference
current ¢g,. The phase angle of the power grid voltage vector
(65) is obtained by PLL scheme. The reference currents
i, are converted to the stationary reference frame through
orthogonal transformation dq® — dq®, implemented by block

xgq/a:fiq.

A. Filter Current Estimation

The estimative of the filter currents can be calculated by

dit 1 N
fdq _ e *xe ‘e
dt - E(’Usdq — Utdg — Tflqu)' (6)

This Equation is solved by using the Euler backward
integration method due to its low complexity of
implementation.
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B. DC-link Voltage Controller

Figure 4 shows the block diagram of the DC-link voltage
control loop. Block R, (s) refers to the standard PI controller
which transfer function is

K(l + STi)

Ruls) = sT;

(N
where K is the gain and 7; is the integration time constant of
the PI controller. The algorithm of the PI DC-link voltage
controller is implemented with an anti-windup scheme. The
delay introduced by the current control loop is neglected and
its representation on this diagram is omitted (see Figure 4).
To obtain a smooth current command %, at the output of
the DC-link voltage regulator, a first order low-pass filter is
introduced in the DC-link voltage measurement, represented
by block G, (s) given by

Gu(s) = ®)

where 7, is low-pass filter time constant used on the DC-
link voltage measurement. The term 4%, added in the
controller output is a disturbance parcel related to the harmonic
compensation (see Figure 4). The open loop transfer function
of the DC-link can be given by

KK, (1+ sT))

Gor(s) = s$2T;(1 4 sT')

©))

where K, =1/C and T = 7,,.

1) Design Criterion for the DC-link Voltage Controller - The
design of the DC-link controller is determined by using the
Symmetrical Optimum Tuning Optimization (SOTO) [14].
According to this, the suitable transfer function for a controller
with two degrees of freedom is

w2 (25 + w,)
Gaols) = ~ 2T %0/ 10
so(8) 2(5 + 2wy (10)
where w, is the cutoff frequency of Gg,(s). To make the

transfer function G, (s) being identical to G, (s) it is required
that:

1
o= . 11
@ 27, (in
Thus, the controller gains can be given by
C
K= 12
5. (12)
T; = 47,. (13)

2) Feedforward DC-link Control Scheme - The feedforward
scheme is used to anticipate the DC-link controller action
during the occurrence of severe load variations. This control
scheme must generate at its output the power grid reference
current 77 that is given by

igq = 1% + ijg- (14)

Since the load currents are not measured, the generation of
the power grid reference current i), becomes dependent on the
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Fig. 3. Block diagram of the control strategy.

SAPF energy balance, that generally has low time constant.
To reduce this effect, the load current is estimated by using (6)
and added to the DC — link controller, which corresponds to
the following

i =% + ity (15)

: i, J¢ " y
- Rvév-*ﬁi(%}—f(:)——» 1sC—— G,
i

Fig. 4. Simplified block diagram of the DC — link voltage control
loop.

C. Grid Currents Control Strategy

The dg phase currents of the power grid are indirectly
regulated by V.S — AP PC controllers, whose application with
SAPF was introduced in [14]. From the SAPF transfer
function given by (5) whose parameters a5 and by are known
with uncertainties. The aim of this strategy is to estimate these
parameters for determining the gains of a suitable regulator
such that closed loop poles are assigned to those of a Hurwitz
polynomial A%(s) given by

Ax(s) = s>+ ajs® +als+ o (16)

where coefficients a3 = 3w;, af = 3w? and o) = w?, with
w; being the desired controller bandwidth. Considering an
arbitrary positive constant a,, > 0, the grid currents can be
estimated from

~

dig “~ PO ~ ok
;tq = _amzqu + (am — GS)Zziiq - bsU;dq (17)

where a; and b are estimates for as and bs, respectively.
Defining the estimation error as

(18)

The parameters as and by can be estimated by using the
following switching laws

_ s s
€0dg = Ysdg ~ Ysdq-

19)

a5 = —as5gn(€odqlsag)
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/55 = Essgn(EOqu?Zq) + bs(nom) (20)
where sgn(x) is the signum function defined as
-1 if =<0
sgn(x) = 0 if =0 21)
1 if >0

Assuming that stability constraints are satisfied a5 > |as|
and by > ’bs — bs(nom)‘, with bs(pnom) being the nominal
value of b.

Considering that phase currents of the power grid are
regulated on the stationary reference frame, the transfer
function of the V.S — AP PC controller is

~ 2 ~ ~

P28 + P15+ Po
Tsaq(s) = TS tw? (22)
where w?* is the power grid frequency and, p2, p1 and py are
the controller coefficients that can be determined as

pr=——=—, (23)
S
* *2
o —uwt
pr= =, (24)
bs
o — wita
bs

The block diagram of the V.S — APPC control algorithm
for SAPF current control loop is presented in Figure 5.

D. Flexible Reactive Power Compensation

The flexibility of the reactive power compensation is only
possible if the load currents are measured which is not
performed in SAPF implemented with BE BS methodology.
However, this can be overcome through the use of filter current

estimate ?? o obtained from (6) and its estimate is given by
~ =e =
e 2 ;

Liq = tiq T lpq

(26)

=€
where i fq is the filter current term of the fundamental
~€

frequency and ffq is the harmonics parcel.
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Fig. 5. Block diagram of the proposed V.S — APPC current
controller.

=e
The parcel iy, regarding the load reactive power can be

extracted from ?; o by using a first order low-pass filter (LPF)
given by

We
s+ we

The control loop scheme used for regulating the desired
reactive power amount to be compensated is shown in
the dashed box termed FRPC (flexible reactive power
compensator) in the Figure 3. This control strategy can
be better understood by using the simplified block diagram
presented in Figure 6. In this block diagram, the delay
introduced by the filter current control loop is neglected, and
its representation is omitted. The block 1/Gs(s) refers to
the influence of SAPF current model in the reactive control
loop, wherein G(s) is given by (5). The block G.s(s) =
1/(sly + rf) corresponds to the filter current estimator. A
standard controller PI is used to implement the F'RPC.

Gro(s) = @7

1) Design of FRPC Controller - The open loop transfer
function of this block diagram is

W (s +as)

where ay = 7£.

The transfer function (28) has a second order dynamic
determined by two poles and one zero. Considering the case
where Z;, < Z; < Z, the both poles, and zero are located in
the s left half plane. Whereas the pole a is approximately
equal to the zero as and the constant by is equal to 1/,
which permits the reduction of the order of transfer function
Gor(s).Therefore the transfer function of Eq. (28), with the
inclusion of PI controller can be rewritten as

kpe(s+ %)wc

Gors(s) = s(s+we)

(29)

A possible design criterion for the PI controller is to use the
zero-pole canceling. By using this, the controller parameters
are determined by making 7, = 1/w. and choosing a
controller gain k. for a cutoff frequency of w? /6. With this
control scheme and based on the SAPF power rating, it is
possible to define a criterion for defining the suitable amount
of load reactive power that could be compensated.
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Fig. 6. Reduced block diagram of the reactive power control scheme.

2) Defining a Limit of Reactive Power Compensation - From
the proposed scheme of reactive power flexibility, it is possible
to define the limit of secure operation for the SAPF inverter.
Figure 7 shows the proposed scheme based on the definition of
a limit for the SAPF currents, defined by the current iJ‘inom
that represents the S AP F nominal current in dg-frame.

Case I Case Il
. .e
1. 4 1 A
Ja Ja
~e
1
Ja
€ K4
1, .
lfqlim fqlim
e
I,
Ja

.e .(f
-1 -1,
Ja Ja

Fig. 7. Limit of reactive power compensation: (Case I) filter operating
out of range and (Case II) filter with remaining power.

In the Figure 7 (case I) the SAPF estimated currents
represented by filter current vector ¢% is out of range. So, it

is possible to reduce the reactive parcel (?jc ;) such that SAF'P
currents become @%;;,., that is within the boundary. Figure
7 (case II) represents the condition where there is remaining
SAFP power. In this case, depending on the application, it
is possible to maintain the filter reactive parcel in this level
or increase it up the power boundary. The parcel of Ai?
that must be reduced or increased (case I or case II) can be
determined as a function of currents 2; g and i% ;. as:

Ai?q = Z‘(}(] - i?q lim* (30)

Therefore, the reference current %y ;... which determines
the reactive power compensation can be obtained as

i i = 15 £ A%, 31)
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IV. SIMULATION RESULTS

This section presents the results of the proposed structure
for reactive power with the flexibility approach. The proposed
control system has been simulated by using PSIM. The
system (Figure II) is composed by a three-phase power grid
(Vs = 110V (rms)) feeding a three-phase diode rectifier,
connected to a RL load (r; = 10 Q and [; = 30 mH). The
S APF DC-Link nominal voltage is v. = 500 V, and the filter
inductors are [y = 1.0 mH. For load transients, it was used a
resistor R = 20 ) connected in parallel to the rectifier. Figure
8 presents the grid phase voltages (vs123) under unbalanced
conditions. Figure 9 shows the grid currents (i5123) of a
nonlinear load fed by the utility grid under the unbalanced
conditions as in Figure 8. Notice that these results are without
any SAPF compensation.

Viras(V)

150

-150! I )
0.65 0.66 0.67 068 069 0.7 071 0.72  0.73  (s)

Fig. 8. Simulation results of the grid phase voltages vsi23 under
unbalanced conditions.

. . . . . . . .
0.06 007 008 0.0 0.1 011 012 0.13  (s)

Fig. 9. Simulation results of the grid phase currents is123 under
unbalanced conditions previous any S AF' P compensation.

Figure 10 shows the grid currets 74123 during the SAPF
start-up. The stead-state grid currents i4123 with the
compensation of the SAPF is presented in the Figure 11. It
is possible to see that unbalance of the load currents has been
compensated by SAPF due to the action of the V.S — APPC
current controller.

Ii13(4)
30,

)
0.1 0.2 0.3 0.4 0.5 0.6 t(s)

Fig. 10. Simulation results of the grid phase currents is123 during the
S AF P Start-up under unbalanced conditions.
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K )
0.65 066 067 068 0.69 0.7 071 072 073 t(s)

Fig. 11. Simulation results of the grid phase currents is123 under
unbalanced conditions after S AF P compensation.

1 .01 1.02 1.03 1.04 105 106 1.07 108 1.09 t(s)

Fig. 12. Simulation results of the grid voltage and current (vs1 and
1s1) with flexibility.

S = N W B L

-1 L L L L L

0 02 0.4 0.6 0.8 1 i(s)

Fig. 13. Simulation results of the SAPF estimated current i, and
its respective reference i%7,.

225 1 i . i . . i . .

0 0.2 0.4 06 08 1 1.2 1.4 1.6 1.8 t(s)

Fig. 14. Simulation results for the proposed scheme of reactive power
compensation.
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Figure 12, however, highlights the flexibility scheme, which
ends up with an intentional phase displacement (PF = 0.86
inductive) between voltage and current. The dynamic of the
SAPF current 1%, for the flexibility scheme is presented in
the Figure 13.

Figure 14 presents a simulation results for the proposed
scheme of limitation for reactive power compensation. In
the Figure 14(a), the red line represents the SAF P estimated
current gjc without flexibility, the blue line refers to current

?; with flexibility, the green line means the nominal SAPF
current %, that defines the limit of reactive power
compensation and finally, the black line represents the
reference current z;f]

To demonstrate the proposed flexibility scheme, the SAPF
has been submitted to load transients. Figure 14(b) presents the
grid current ¢451. The first load transient happens at ¢ = 0.8s
and consists in a step-up of the load current. It is possible
verify in the Figure 14(a) that SAF P estimated current ?;
(red line) increases and becomes bigger than its nominal value
fpom- This does not happen when the flexibility scheme is
enabled. In this case, it is possible to see that current ?? (blue
line) decreases down to i%,,,,,,. In this figure is also possible to
verify that current ¢%; changes dynamically to keep the SAF'P
down to limit of compensation. At ¢ = 1.4s occurs a new
transient, that consists in a step-down of the load current. After
that, the SAPF currents reach their steady-state condition.

V. EXPERIMENTAL EVALUATION OF THE PROPOSED
SAPF

The proposed control system presented on Figure 3 has
been evaluated experimentally by using a 10 kW three-phase
active power filter laboratory prototype. It is composed by a
three-phase power grid feeding a nonlinear load. The V' ST is
connected to the PCC by using input filter inductors [y = 1.0
mH. The rated voltage of the VST DC-link is 450 V. The
nonlinear load is implemented by parallel association of a
three-phase rectifier, feeding a RL load (r, = 30 € and
l; = 50 mH) and, a star connected RL three-phase load
(rr = 100 © and [; = 200 mH). The proposed control
system was implemented on a 7'M S283335 digital signal
processor (DS P) platform. The A/D converters of the DSP
card are connected to a measurement unit, composed by hall-
effect voltage and current sensors. The signal taken from these
sensors pass through low-pass filters with a cutoff frequency
of frpr = 2.5 kHz. The control algorithm is implemented
in C*T" and executed with a sampling time of 100 us. For
evaluating the performance of proposed SAPF, three groups
of experimental tests are realized. They are DC-link voltage
regulation with or without feedforward scheme, harmonic
compensation, and flexible reactive power compensation. The
SAPF parameters of the laboratory prototype are provided in
Table V.

A. DC-link Voltage Control Scheme

The performance of the proposed DC-link control scheme
can be evaluated from the experimental results presented in
Figures 15 to 17. Figure 15 shows the experimental results of
the soft starting procedure applied for the filter DC-link. In this

338

TABLE I

SAPF Parameters

Vs =110V (rms) | fs =60Hz
re =0.2€) ls = 0.1 mH
ry=20Q ly =1mH

r; = 100 Q [;=02H
w; = 170 rad/s am = 15000

@, = 2000 bs = 2000
bs(nom) = 1500 | C' = 2200 uF

graph, it is presented the superposition of the results obtained
with a standard PI control scheme (red line) and the results
obtained with the proposed control strategy (black line) named
here PI + F'F'. Initially, the capacitors of the filter DC' bus
are charged by using an open loop control scheme until the
voltage vc = 220 V. After this preload, the voltage of such
capacitors is increased by using closed loop control scheme,
which imposes a voltage ramp with derivative of dvc/dt =
347 V/s until reaching the reference voltage of vf, = 450 V.
To evaluate the performance of the PI 4+ F'F’ control strategy,
the load currents are reduced suddenly by 50% of its rating
value. This can be observed by the increase in the DC-link

" Ve Ve V)

400 t : ! k J

300 J

200 i ‘ ‘ ‘
0 2 4 6 8 i(s)

Fig. 15. Experimental results of DC-link during soft starting
procedure.

110 D egefV)

490t J

470} ]

450~—

430 H H H H
4 4.4 4.8 5.2 5.6 1s)

Fig. 16. Experimental results of DC-link during the reduction of load
currents.

voltage occurred at time ¢ = 5.0 s. For better visualization,
Figure 16 presents a zoom of this test during the occurrence
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470 il VC(FF),(V)

450

430t j

410} : : : i

390 : : : :
4 4.4 4.8 5.2 5.6 i(s)

Fig. 17. Experimental results of DC-link during the increase of load
currents.

of the load transient. When comparing the both strategies, it
can be observed that proposed control scheme minimizes the
voltage overshoot by 70 % and also reduces the convergence
time. It is also performed an experimental test with an increase
of 50 % in the load currents, which can be verified in Figure
17. As in the previous test, PI + F'F' controller has showed
better performance when compared to that implemented with
standard PI controller.

B. Grid Current Control Strategy

The effectiveness of the full compensation of harmonics and
reactive power of the load can be verified on the experimental
results presented in Figures 18 to 20. Figure 18 shows the
experimental results of load currents. Figure 19 presents the
grid phase currents after full power quality compensation. The
harmonic content of the grid phase current ¢, is computed
for three different cases, for evaluating the effectiveness of the
proposed control scheme. The first refers to the grid current
without any compensation scheme. The second is due to the

I5-coons/ Bl 1 BT
v

CH1= 5.00R/MMiFE S.008/

Fig. 18. Experimental results of grid phase currents before the
introduction of the full power quality compensation.

full power quality compensation. The last one also refers to the
full power quality compensation and the DC-link feedforward
control strategy. These spectra are presented in Figure 20.
In this figure, the dark spectrum is due the first case and the
blue and red spectra are related to the second and third cases,
respectively. Based on these graphs it can be noticed that
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S APF reduces the harmonic content of the grid phase current,
especially for 5*" and 7" harmonic components.
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Fig. 19. Experimental results of grid phase currents after the
introduction of the full power quality compensation.
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Fig. 20. Frequency spectra for the power grid phase current 51 before
and after full power quality compensation, and with the inclusion of
DC' — link feedforward scheme.

Figures 21 to 23 show the oscilloscope screenshots with the
results for the case where unbalanced voltages were imposed
at the grid side. Before the compensation scheme, the
harmonic distortion is TH D; = 24 % (see Figure 21). After
compensation, the grid phase currents present the harmonic
distortion of TH D; =2 3.5 % (see Figure 22).

C. Reactive Power Compensation Control Scheme

The performance of the flexible reactive power
compensation can be observed in Figures 24 to 26. When
the control strategy proposed in [14] is employed, both
load harmonic distortion and load reactive power are fully
compensated, as can be seen in Figure 24.

In this experimental results, we observe that resultant power
factor is nearly unitary and the harmonic distortion is 7' H D; =2
2.87 %. Two experimental tests are performed for evaluating
the proposed control strategy for the SAPFE for reactive
power compensation. In the first, the reference current %,
is calculated such that system resultant power factor (PF’) is
PF = 0.84 inductive, with THD; = 3.15% (see Figure 25).
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Fig. 21. Experimental results of the grid phase currents under
unbalanced grid phase voltages, before the compensation scheme.

Fig. 22. Experimental results of the grid phase currents under
unbalanced conditions of grid after compensation scheme.

Fig. 23. Experimental results of the power grid phase voltages under
unbalanced condition.
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Fig. 24. Experimental results of the grid phase voltage vs1 and phase
current i1 for the flexible reactive power compensation (scales:
50V/div and 10A/div for channels 1 and 2, respectively).

Fig. 25. Experimental results of the grid phase voltage vs1 and phase
current is1 for the flexible reactive power compensation (scales:
50V/div and 10A/div for channels 1 and 2, respectively).
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Fig. 26. Experimental results of the grid phase voltage vs1 and phase
current i1 for the flexible reactive power compensation (scales:
50V/div and 10A/div for channels 1 and 2, respectively).
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In the second, %, is recalculated such that control strategy
would impose a PF = 0.98 capacitive, with THD,; = 3.02%
(see Figure 26).

Figures 25 and 26 show the experimental results for
these two tests. Analyzing them, we observe that proposed
control strategy allows flexible control of system reactive
power without degrading the S AP F' harmonic compensation.
In order to verify this, the measurement of the harmonic
distortion of both tests were performed, which has been
resulted in similar a current distortion.
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Fig. 27. Experimental results for the proposed scheme of reactive
power compensation: (a) details of flexibility scheme and (b) PCC
phase current 751 during the load transient.

Figure 27 shows the experimental results for the proposed
flexibility scheme. In Figure 27(a), it is possible to verify that
inside the time interval 0 < ¢t < 12s, the SAPF current
?; without flexibility strategy (red line) is under the defined
current limit 4%, ,,, = 5 A. This experimental result refers to
the case where there is a remaining power. As stated before,
it is possible to maintain the reactive parcel in this level or
increase it. In this experiment, it is employed the last option.
For that reason, the value of reference current z?; (black line)
is increased. This means that SAPF injects more reactive
power in the system and consequently, the current ¢ is closed
t0 %, 4, In the time instant ¢ = 12s, it is introduced a
load transient as can be observed in the graphic of the source
current ¢s. After this transient, it is possible to notice that
load demands a higher power from the SAPF' to compensate
harmonics and reactive power. Without the flexibility scheme,
the current ?? (Red line) becomes greater than the filter
nominal value i%, .. In this case, for accomplishing the filter

power boundary limits, it required to reduce the current ?? for
assuring the secure operation. Finally, in time instant t = 22s,
the load current is reduced and the filter returns to its initial
operational conditions.
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VI. CONCLUSIONS

This paper presents some contributions for improving the
SAPF operation with BE BS methodology. For this purpose,
it is used a feedforward scheme to enhance the performance of
the DC — link voltage control loop during load variations.
It is also proposed a scheme that allows the flexibility of the
system reactive power compensation, observing the SAPF
security limit operation. Both benefits have been obtained
by introducing an estimation scheme for determining the load
phase currents. These changes incorporated in this work
enable the complete equivalence of S AP F's implemented with
BEBS or HEBS methodologies. In addition, proposed
control scheme gives a significant gain in the SAPF based on
the BEBS, because the current control strategy is simpler and
employs a reduced number of current sensors. Experimental
results demonstrate that proposed control strategy is effective
in reducing the harmonic distortion, immune to load variations
and allows the flexibility of reactive compensation.
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