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Abstract— An array of proportional-resonant regulators is
often used in shunt active power filters to control the grid
currents and reduce the harmonic distortion caused by a
distorting load. The voltage that is necessary to compensate for
the current harmonics must be consistent with the available dc-
link voltage. In this paper, three adaptive algorithms for the
exploitation of the dc-link voltage are developed and compared.
These algorithms adaptively change the voltage saturation of
each regulator to preserve the control capability of the
fundamental component of the current when the available
voltage is not enough to control the filter current.
Simultaneously, they try to improve the quality of the grid
current because the dc-link voltage of the active power filter is
allocated to the regulators to compensate only the most
significant harmonics. Some experimental results are shown to
demonstrate the feasibility of the three algorithms.

Keywords— Active power filter, resonant regulators, voltage
saturation, anti-windup, current quality

L INTRODUCTION

Nonlinear loads, such as ac/dc rectifiers, cause
undesirable phenomena in the operation of power
systems, such as harmonic pollution and a reduction of the
power factor. Power Conditioning Systems (PCS) can be used
to compensate for these disturbances and to improve the
quality of the grid currents and voltages.

Shunt Active Power Filters (APFs) fall into this category of
devices. As shown in Fig. 1, they are connected through a
decoupling inductance to the Point of Common Coupling
(PCC), the point of interconnection of the power supply
network, and multiple loads. APFs are used to adjust the grid
power factor and to compensate grid harmonic currents [1].

Several approaches have been investigated and tested for
the current control loop, which usually has to track a reference
signal composed of several harmonic components.
Proportional-integral controllers implemented in a reference
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frame rotating at the frequency of the disturbing harmonics can
be used [2]-[4]. Dead-beat and hysteresis controllers [5]-[7]
require less computational effort than PI controllers
implemented in rotating reference frames, but they are not so
effective in compensating the harmonic distortion. Recently,
repetitive control has been proposed due to its excellent
performance in terms of harmonic compensation and low
computational burden [8], but it requires an accurate analysis
of stability and cannot be used for selective elimination of the
harmonics. Another solution that has proven its value in recent
years is the use of resonant controllers implemented in the
stationary reference frame, or in rotating reference frames, to
cancel more harmonic components of the grid current at a time
[9]-[11]. In [12], several kinds of resonant controllers are
compared, such as multiple rotating integrators, stationary
frame resonant controllers, proportional-sinusoidal signal
integrators, and vector PI controllers, to determine, for each
method, the operating frequency range, and the stability limit.

Resonant controllers in the stationary reference frame do
not need time-expensive calculations for the direct and inverse
transformation of the reference frame. The efficiency in
harmonic compensation is similar to that of repetitive
controllers, but an array of resonant controllers allows
adjusting the current harmonics selectively because each
regulator is approximately independent of the others [13].

The primary constraint of an APF is the dc-link voltage,
whose low value may affect the stability of the system. As the
output voltage of an APF is composed of contributions at
different frequencies, a single prevailing harmonic may cause
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Fig.1. Scheme of a shunt active power filter.
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the total voltage to exceed the voltage limit resulting from the
available dc voltage. To preserve the fundamental component
of the output voltage, which is responsible for the control of the
average value of the dc-link voltage, a strategy that allocates
the available dc-link voltage among the regulators must be
developed [14]. This issue is linked to a similar problem,
which has been investigated in recent years, i.e., the problem of
distortion-free saturators for grid-tied converters under
unbalanced conditions. Typically, the control system of a grid-
tied converter includes a saturator block that limits the
magnitude of the current/voltage reference vector but keeps its
original phase. Unfortunately, this strategy may cause low-
order harmonics if the reference vectors move on an elliptical
trajectory (unbalanced conditions). To reduce the distortion of
the saturated signals, the reference vector can be multiplied by
a scale factor to adapt the elliptical trajectory over a period to
the limit voltage circle [15]. Preventing voltage distortion in
multifrequency current control during saturated operation is
recognized as a difficult problem. In [16]-[17], the principle of
realizable references is used to design a distortion-free control
algorithm. When the converter operates in saturated conditions,
the converter-current references are recalculated such that the
set-points return into the linear range.

Differently from those researches, in this paper, focused on
APFs, the distortion of the output voltage is assumed
unavoidable to cancel the current harmonics of a nonlinear
load. This paper improves the results presented in [18] and
compares some saturation algorithms of the output voltage of
an array of resonant regulators for the current loop of an APF.
These algorithms define an independent limit for each voltage
harmonic so that the saturation of one of them does not affect
the control of the remaining ones. The voltage limits are
dynamically changed depending on the operating conditions in
such a way that the regulators that require a high voltage can
exploit a higher fraction of the available dc-link voltage.

II.  MATHEMATICAL MODEL OF A SHUNT APF

A. Operation Principles of a Shunt APF

The operation of an APF must be consistent with the
available voltage across the floating capacitor C. The voltage
Er of the dc link depends on the electrostatic energy stored in
the capacitor, whose rate of change is related to the
instantaneous active power of the converter. If the losses of
the APF are neglected, the following expressions can be

written:
d(1
E(ECE;\J=PF (1)
3_ -
PFZEVF'ZF (2)

where Py is the instantaneous active power at the input of the
APF, v, and i, are respectively the output voltage and

current vectors of the APF, and "-" is the dot product operator,
defined as the sum of the products of the corresponding
components of the two vectors.

To control the filter current, it is necessary to find the

relationship between v, and i, . In a reference frame aligned
with the grid voltage v, , this relationship is given by the
equation of the decoupling inductance:

_ - - di
Ve = Redy + jOLyi, + L, f +7, 3)
t
where v, is the grid voltage, Ry and Ly are respectively the
filter resistance and inductance, and  is the fundamental grid
frequency.

It is straightforward from (3) to find the expression of the
instantaneous active power P exchanged between the grid
and the APF:

3, d(3 zp
P, _ERF1F+Z[ZLF|1F| j+PF (4)
where
3_ - .
F; =EVG g =EleFd ()

In (5), iry is the d-axis component of the filter current i, ,
and vg is the magnitude of the grid voltage v, .

Equation (4), combined with (1), can be rewritten to
emphasize the derivative of the total electromagnetic energy
of the system.

d(l ., 3 = 3 -2
E(ECEF +ZLF|IF| \J—PG—ERF|ZF| . (6)

If the Joule losses of the filter resistance are negligible, (6)
shows that the rate of change of the energy stored in the
reactive elements of the system depends on the instantaneous
active power P, which is proportional to ir; Therefore, the
voltage level of the dc-link capacitor can be indirectly
controlled by adjusting the total energy of the system through
irs, under the assumption that the magnetic energy of the filter
inductance is regarded as a measurable disturbance, which can
be appropriately counterbalanced.

To find the relationship between the values Qs and Qf of
the reactive power exchanged respectively by the power grid
and the APF, one can calculate the dot product between each

side of (3) and j%fF .

3 -2
O = E(‘OLF|1F| +0p. (7
where Qg can be explicitly written as follows:

3
O, = _EleFq . (®)
Equations (7) and (8) show that it is possible to control the
reactive power injected into the grid by the APF by acting on
the g-component of the filter current iz, and compensating for
the reactive power of the decoupling inductance.
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With reference to Fig. 1, where i, and i, denote the load

and grid current vectors, the balance of the currents at the PCC
leads to the following equation:

i —1, . Q)

If the high-frequency components, identified by the
subscript “HF”, are considered, (10) allows finding the

harmonic content of i, that nullifies i, :

Ip

lF HF re/ lL JHE * (10)

Equation (10) states that the shunt APF has to generate the
high-frequency components of the load current to relieve the
grid from providing the undesired harmonics.

Since the energy carried by the high-frequency harmonics
of the voltages and currents is usually much lower than that of
the fundamental components, it results that the low-frequency
components of the ip; and ip, can be used to control the
average energy of the capacitor and the reactive power at the
PCC, according to (5) and (8). Conversely, the high-frequency

components of 7, can be controlled to compensate for the
distorting currents of load, according to (10).

B. Array of Resonant Controllers

The setpoint i, ., is composed of several harmonic

components. To make the output current closely track the
reference input, a specific proportional-resonant regulator can
be used for each harmonic. Equations (9) and (10) show that
the high-frequency term of the error signal at the input of the
array of proportional-resonant controllers is:

iF,HF,re/ - iF,HF =—l; pr - (11)

Thus, if R,(s) is the transfer function of the kth
proportional-resonant controller in the stationary reference
frame and v;, . is its output voltage, the following expression

can be written:
= R (5)(~ig ) (12)

where the superscript S means that the variables are written in
the stationary reference frame.

VFk Jreq

The transfer function of R, is as follows [19]:

scos0, +, , —w,sin0O,
R (s)=K,, +2K,, — (13)
+2w0 SO+ o)

cr.k

where o is the angular frequency of the disturbance, K, ,
and K, are the proportional and resonant gains, s and 6

are parameters related to the sharpness of the resonance and
the phase angle at the resonance frequency.

III.  SATURATION STRATEGIES

The rated current /5, of the converter and the available
voltage Er of the dc-link limit the performance of an APF.
These constraints can be expressed by the following

inequalities:
[ < L - (14)

|V | Fmax * (15)

where Vi .. 1s equal to 0.577Ey if space vector modulation is
used.

The output voltage vector of the APF is the sum of the
outputs of the resonant controllers and can be written as
follows:

Vi = vak of (16)

where ‘7}1,@/ (k=1, ..., n) is the contribution to the output

voltage produced by the kth regulator.

The output voltage given by (16) must comply with (15),
so the kth regulator can exploit only a fraction of the available
dc-link voltage. Consequently, the output voltage of each
proportional-resonant regulator is constrained by a saturation
block, whose equation can be written as follows:

vlfk,rqf = ckvlfk,req (k: 19' R n) (17)
where ¢ is a positive coefficient not greater than one (¢;<1),
and VFSk’req is the voltage requested by the kth resonant

controller without saturation constraints. The block diagram of
the array of resonant controllers is shown in Fig. 2. To avoid
the windup of the regulators, it is necessary to implement an
anti-windup strategy, which may be a feedback signal to the
input with a back-calculation gain, or recalculation of the error
at the input of the regulator. This latter technique seems to be
more practical in digital applications [14].

The allocation of the dc-link voltage to the regulators
should privilege the control of the fundamental component of
the filter current, which directly affects the stability of the
capacitor voltage. In contrast, the residual voltage that is not
used to control the fundamental component can be utilized to
compensate for the harmonic currents. As a consequence, the
coefficient ¢;, which is related to the fundamental component
of the filter voltage, is usually equal to 1, provided that the

voltage magnitude of vy, . is below V. Conversely, the

other coefficients ¢, may be lower than 1, depending on
whether the available dc-link voltage is sufficient or not to

synthesize the resulting total voltage VFSM. Different

strategies can be used for the repartition of the available
voltage among the regulators and for the selection of the
coefficients ¢;. Three different strategies are considered
hereafter.

A. Strategy 1

According to this strategy, coefficients ¢, (k= 2, ..., n) are
assumed equal to each other. This constant value ¢ can be
determined by calculating the constant that satisfies inequality
(18), obtained by applying the triangular inequality to (16),
and considering (15) and (17):
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=S
vFl Jref + Zka ref < |VF1 ref + Z|ka,ref S
..... k=2,..n (18)
<| Fl I(f| +c z|ka req = VF,max

The maximum adm1551ble value for c is

Vie max |VF1 ref
Cc =

(19)

|ka req

According to strategy 1, c is constant at steady state
because it depends only on the magnitude of the voltage

vectors vy, .. and vy, ...
The total voltage VFS,W requested by the array of regulators

is composed of several contributions vy, ~at different

frequencies. Its magnitude is not constant over a fundamental
period and can be instantaneously lower or higher than the
voltage limit Vz,,. However, strategy 1 considers the worst
case and assumes that the vector components of the output
voltage add up with the same phase angle. Since the
magnitude of the voltage harmonics is bounded on the basis of
this unlikely condition, the exploitation of the dc-link may be
suboptimal.

B. Strategy 2

Coefficients ¢, (k = 2, ..., n) are assumed equal to each
other, as in strategy 1. Let us call this common value ¢'. This
quantity differs from c, defined for strategy 1 because it is
calculated without the simplification introduced by the
triangular inequality. Substituting (16)-(17) in (15), and
considering c¢;=c', leads to the following inequality:

VFI Jref + Zka ref vFl ref + C vak req F max (20)

k=2,...n k=2,..., n

Squaring both sides, one obtains:

a, () +2a,c" +a, <0 (21)

where ay, a;, and a, are defined as follows:
ay = [T ] =V (22)
VFI /e/ ZVF/( req (23)

2
=S
@ = D Vi (24)
k=2,...n

Inequality (21) admits an interval of solutions for ¢’ if its
discriminant is positive, as shown in (25).

> 0. (25)

A sufficient condition to satisfy (25) is that |‘_}1§1=r€ff is

lower than Vg .. The maximum value of ¢’ that satisfies (21)

is

o= Valz —a,dy, — 4, (26)

aZ
where the denominator a, is usually a positive number
different from zero.

It is worth noting that ¢’ is a time-variant quantity because
coefficients a; and a, depend on the phase angle of the voltage
vectors V,fk’mq (k=2, ..., n), as can be seen from (23)-(24).
Even at a steady state, the saturation boundary of the

regulators may fluctuate to maximize the range of the output
voltage.

C. Strategy 3
During a fundamental period, some harmonic components
Vﬁk,,eq increase the magnitude of the total output voltage,

while others decrease it depending on their phase angle. This
latter group of harmonics should not be limited since they
usefully contribute to reducing the total output voltage
requested. These harmonics can be found by evaluating the
derivative of the magnitude of total output voltage with
respect to the magnitude of each voltage harmonic:

0
F Jreq a —S VFI Jref + Z th req| ® (27)
|ka req ka Jreq
Alternatively, considering the derivative of |\7§‘mq squared

is numerically simpler. One finds the following expression:

2
0 |—s _ O
a_s vF,req - a_s Flief + Zthuq
VFk,req VFk Jreq
2
|vFl ref + 2VF1 ref Zth }eq Zth req
Fk Jreq h=2..n [h=2,,
e —s —s
_2|VF1,1"L{/ cosy, +2|ka,req +2 Z |VFh,req cosy,, - (28)

h>1h#k

where v, represents the relative phase of the kth harmonic
with respect to the fundamental one, and vy, is the phase
difference of the kth and Ath harmonics.

If the magnitude of the voltage harmonics is negligible
compared to the fundamental component, one finds:

cosy, (29)

|VF ref |VF1 ref

Fk Jreq

=S
v,

7S s Flref
F2,req CT\ Ve — +
L N > ZA Y Fi ref i\

A Vs

)
—i;

Notch filter at
the fundamental
frequency

.

Anti-windup

v = =8
Fures (TR Vi

Fig.2. Structure of the array of proportional resonant regulators with anti-
windup.
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(a)

(b) (c)

Fig.3. Representation of the space voltage vectors when the magnitude of the total voltage exceeds the maximum voltage. Requested output voltage vectors (a).
Output voltage vectors with strategy 2 (b). Output voltage vectors with strategy 3 (c).

Equations (28) and (29) express how the magnitude of the

output voltage vector of the converter, Vﬁ,mf , depends on the

magnitude of the single harmonics. In particular, (29) reveals
that if the magnitude of the kth voltage harmonic increases,
the magnitude of the output voltage vector does not increase
necessarily, but its variation is related to the angle ;.

The harmonics with a negative derivative resulting from
(29) do not need to be saturated. Let us call N, the set of
indexes of the vectors that give a negative or null contribution
to the magnitude of the output voltage, and N, the set of the
indexes of the vectors that give a positive contribution.

The coefficient ¢, is assumed to be equal to 1 if ke N, .
For the remaining vectors (k€ N ), ¢ is assumed to be the

maximum value of ¢” that verifies the following inequality:
=S =5 ” =5
VFl,ref + Zka,req tc Zka,req < VF,max . (30)
keN, ken,

Using the same procedure adopted for strategy 2, one can
calculate the explicit expression of ¢", which is as follows:

bl =b,b, —b
=N 0% O 31)

b2
where
2
=S =S 2
bO = vFl,ref + Zka,req _VF,max (32)
keN,
=S =S =S
bl = 2 vFl,ref + vak,req ! Zka,req (33)
keN, keN,
2
=S
b2 = ZVFk,Veq (34)
keN,

The coefficient ¢" can be found if the discriminant
b} —b,b, in (31) is positive or zero, and the denominator b, is

different from zero. The former condition is verified if |\7§1 rof

is lower than V.., the latter is verified because all the
vectors with k€ N, have a positive-sequence component in

the direction of VFSIM, since cosy, >0 for all of them.

A graphical analysis can be useful to highlight the
advantages of the saturation algorithm 3 over strategy 2. Let
us consider an operating condition where the total output
voltage is composed of the first, the fifth, and the seventh

harmonics, as shown in Fig. 3(a). The magnitude of Vﬁl,mf is
lower than Ve, but the voltage vectors 17;?5,,“, and

VFS%W requested by the regulators make the total requested

voltage exceed the voltage boundary. The resulting voltage
vectors whose magnitude is saturated according to strategy 2
and strategy 3 are shown respectively in Fig. 3(b) and 3(c).

In strategy 2, the fifth and seventh harmonics are reduced
by the same factor ¢' given by (26), so that the output voltage

ﬁﬁw is brought inside the voltage limit imposed by Vg max,

while the fundamental harmonic is kept constant. Conversely,
strategy 3 reduces only the harmonic components that tend to
increase the magnitude of the total output voltage. According
to (29) with k=7, v;, ., in Fig. 3(a) tends to push the total

output voltage inside the voltage boundary, and its magnitude
is consequently preserved. As a result, the reduction in the
magnitude of the fifth harmonic necessary to comply with the
voltage limit has to be less significant than the one applied by
strategy 2.

Fig. 4 plots the magnitude of coefficients ¢s and c5,
calculated by dividing the fifth and the seventh voltage
harmonics by the corresponding unconstrained regulator
outputs, as functions of the phase angles s and y; over a
fundamental period. Strategy 2 is identified with a dashed blue
line, while strategy 3 with a solid red line. Fig. 4(b) shows that
the magnitude of the 7th harmonic is not affected by strategy
3, thus ensuring a more considerable voltage margin for the
magnitude of the Sth harmonic, whose trend is depicted in Fig.
4(a). As a result, the magnitude of the output voltages
according to strategy 3 is always greater than that obtained by
strategy 2.

IV. CONTROL SCHEME

The control scheme shown in Fig. 5 is composed of two
parts. The first one concerns the control of the fundamental
component of the filter current. A PI regulator is used to keep
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the dc-link voltage at the reference value Er,.r . Its output is
the reference value ipy,. of the d-axis current iz;, which is
proportional to the active power flow of the APF. Similarly, it
is possible to control the reactive power exchange by the g-

10
s Strategy 3
% 09
§ I
=
N
g I | |
= | | |
- A A
O T I I
Lg) | |: HJ lL' ||| |J|‘\ll Strategy 2
0,?|| I“ %f l; ||| lil 1\
llr J [J ] , l! A
m ® 3z m Sz 3r Trn Im
4 2 4 4 2 4 (a)
10 T T T
ST T TN
— | || II II || || Strategy 3
T oo bty
009| || || || | IJ |
ECL o b N
Sl
E ol g
z | | !
‘Eos{ %| by IJ l' i
27 |l Il 'I: I |
A T T T T
8 || |||| HJ {' |H| l]i 11 Strategy 2
oyl H TR ‘l
l’ ¥ lJ ] . 'J \
m = 3z m Sm 3n Iz Ix
4 2 4 4 2 4 (b)

Fig.4. Magnitude of the fifth and seventh harmonic, normalized to their
requested voltage. (a) Fifth harmonic. (b) Seventh harmonic.

le,req

R
=a-

axis component ig, of the filter current. The reference value of
the filter current vector is tracked by regulator R; (composed
of a proportional-resonant regulator for each component), and

a feed-forward signal v is added to its output to improve the
dynamic performance.

A Phase-Locked Loop (PLL) is used to estimate the phase
angle 0 of the fundamental component of the grid voltage.

In the second part of the scheme of Fig. 5, the input error
of the array of the proportional-resonant regulators R, Ry, ...,
R, is obtained from the grid current, once its fundamental
component has been extracted by a notch filter. The voltage
request of each regulator is used by the saturation algorithm to
allocate the available dc-link voltage to all the harmonic
regulators, according to the implemented saturation strategy.

Finally, it is worth noting that all the saturation strategies
are meant to operate in steady-state conditions.

V. EXPERIMENTAL RESULTS

Some experimental results have been carried out with a
laboratory prototype of a shunt APF, which is used to
compensate for the highly distorted currents produced by a
diode bridge feeding an RC impedance. A picture of the
experimental setup is shown in Fig. 6, while the system
parameters are listed in Table I. The THD of the load current
is around 22%. The control system of the filter includes an
array of proportional-resonant regulators to cancel the odd
harmonics of the grid current from the 3rd one up to the 19th
one. Fig. 7 shows that the performance of the shunt active
filter is satisfactory in normal operation. As can be seen, when
the APF is off, the grid current is distorted. As soon as the
active filter is turned on, the grid currents become sinusoidal,
and the THD reduces to about 3%.

Fig. 8 shows the behavior of the grid currents for
Strategies 1, 2, and 3 when the dc-link voltage is not sufficient
to generate the requested compensation voltage. The grid
currents are shown in the upper part of all figures. In the lower

Adaptive voltage
saturation algorithm

PWM

R,
Notch filter at
Al

the fundamental f—>1 "
frequency

Distorting load

C.,R,

Fig.5. Proposed control scheme for the APF with adaptive saturation of the regulators.
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TABLE I - SYSTEM PARAMETERS

Er = 200 Vpe Rr = 50 mQ
VFV,,,,U = 115 Vpeak LF = 2.36 mH
IF,mwc = 10 Apeak CL = 0.6 mF
[0} = 2n50 rad/s R, = 60 Q

Cr = 2.2 mF L, = 2.36 mH

A% Inverter %
DC link

Braking NNy
resistor

4

(b)
Fig.6. Photos of the experimental setup. Overview (a) and details of the
power inverter (b).
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Fig.7. Waveforms of the grid currents after activating the APF. Grid voltage
(50 V/div), grid current (1 A/div), load current (1 A/div), filter current (1
A/div).

part, two sub-figures show the details of the current
waveforms without and with voltage saturation. Initially, the
APF operates in normal conditions, and the THD of the grid
current is just above 3%. Afterward, a reduction of 15% in the
dc-link voltage is caused to force the saturation of the voltage
regulators. As can be seen, a distortion of the grid current
appears. However, the effect of the reduction in the voltage
level depends on the saturation strategy. Although strategy 1
ensures that the coefficient ¢ is constant over time, the
resulting current is visibly distorted, and its waveform is
nearly trapezoidal. Conversely, strategy 2 and 3 exhibit better
performance, and the distortion of the grid current is less
perceptible. Overall, all strategies ensure the stable operation
of the converter.

Fig. 9 shows the spectrum of the space vector of the grid
current in different operating conditions. If the total output
voltage is below the saturation threshold, the current
harmonics are negligible, as shown in Fig. 9(a). Conversely, if

YOKOGAWA 4 b 160kS/s 100n3dis
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Fig.8. Waveforms of the grid current when the requested voltage is greater
than the available voltage. a) Strategy 1. b) Strategy 2. c) Strategy 3. Scale:
current (2 A/div).

the dc voltage becomes 85% of the rated value, some
harmonics with orders -5, +7, -11, and +13 appear in the grid
current. Comparing Figs. 9(b) and 9(c) leads to the conclusion
that the amplitude of the harmonics generated by strategy 2 is
always lower than that of the harmonics generated by strategy
1. In addition, strategy 3 seems better than strategy 2 because
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Fig.9. Spectra of the grid current for the APF without saturation of the output
voltage (a) and with saturation for Strategy 1 (b), Strategy 2 (c) and Strategy 3
(d).

the harmonics with orders -5 and +7 have a smaller amplitude
in Fig. 9(d).

The curves of Fig. 10 show the THD of the grid current
when the dc-link voltage further decreases from 85% to 80%
of the rated voltage. The THD of Strategies 2 and 3 does not
change appreciably as long as the dc-link voltage is higher
than 85% of the rated voltage, but below this threshold value,
the performance reduction is more significant. Conversely,
strategy 1 sees a linear increase in the THD as long as the dc-
link voltage decreases.
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Fig. 10. THD of the grid currents when the DC-link voltage decreases
causing voltage saturation.

Fig. 11 shows the output voltage of the APF for the three
strategies in two different operating conditions, namely with a
sufficient dc-link voltage and with an insufficient dc-link
voltage to compensate for the current distortion. In the former
case, depicted in Figs. 11(a)-(c), the waveform of the output
voltage is similar for all strategies. Conversely, when the dc-
link voltage does not allow obtaining the requested output
voltage, each saturation algorithm generates a different
waveform of the output voltage. Comparing Fig. 11(d) with
Figs. 11(e)-(f) shows that strategy 1 produces a smoother
waveform, which is less effective in canceling the high-
frequency current harmonics, while the voltage loci of strategy
2 and 3 are quite similar.

Also, for each saturation strategy, the fifth and seventh
harmonic components of the output voltage vector have been
plotted in case of sufficient and insufficient dc-link voltage.
Figs. 12(a)-(c) and Figs. 12(d)-(f) show the loci of the voltage
vectors vys,, and V. , which are respectively the

requested voltage and the reference voltage vectors at the
input and output of the saturation block of regulator Rs. The
first group of subfigures shows the behavior of the system
with sufficient dc-link voltage, the second one with
insufficient voltage. Finally, Figs 12(g)-(i) show the loci

covered by the voltage vector v;, . with and without
sufficient voltage.

The shape of the voltage loci is elliptical because the
signals contain positive and negative sequence components.
As can be seen in Figs. 12(a)-(c), all strategies give similar
results with a sufficient dc-link voltage, but their behavior
changes when the available voltage is limited. The loci of
Vis,s and v;, . obtained with strategy 1 is generally smaller
than the ones of the other strategies because strategy 1 defines
the saturation constraint of each voltage harmonic according
to the worst steady-state scenario. Strategy 2 saturates all the
voltage harmonics proportionally to the instantaneous voltage
request, while strategy 3 instantaneously constrains only the
voltage components that cause the output voltage to exceed

the maximum voltage. In Fig. 12(d), the loci of v}, and

Vis,, overlap with one another because the anti-windup

mechanism makes these two quantities coincide at a steady
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state. Conversely, in Fig. 12(¢) and (h), V75, is different ~ Nevertheless, strategy 3 performs slightly better than strategy
’ 2 and leads to a higher magnitude of the 7th voltage
harmonics.

defined by strategy 2 and 3, which prevents the anti-windup The computation times can be deduced from Fig. 13,
algorithm from reaching the steady-state condition.

from \7155,@ due to the time-varying saturation boundary
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Fig.13. Computation time for Strategy 1, 2 and 3 without and with saturated voltages. The red line identifies the switching period (125 us).

which illustrates the duration of each strategy with or without
voltage saturation. The red line represents the switching
period of 125 pus.

When the dc-link voltage is sufficient to generate the

requested voltage vector, the computation time varies between
103 and 110 s for strategy 1, and it fluctuates from 90 to 100
us for strategies 2 and 3. However, in the case of voltage
saturation, the maximum computation time increases from 110
us to 115 us for strategy 1, up to 110 ps for strategy 2 and up
to 115 us for strategy 3. This result shows that the maximum
computation time is similar for all three strategies.
Strategy 3 differs from strategy 2 because it is necessary to
calculate (25) for each controlled harmonic. However, (25)
can be implemented as a dot product, without using
trigonometric functions. Modern DSPs are specialized in
"multiply and accumulate" operations, so the amount of time
required to perform (25) is minimal.

VI. CONCLUSION

A control system for shunt APFs with selective harmonic
control is presented. The paper compares three algorithms that
adaptively change the voltage saturation of each resonant
controller to ensure a higher voltage margin to the regulators
with a higher output demand, while the performance of the
fundamental controller is preserved. The experimental results
confirm the stable operation of the APF and the feasibility of
the adaptive algorithms. According to the experimental
results, Algorithm 3 shows the best performance.
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