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Abstract- In this paper, practical applications of Optimal and
Flexible Controlled (OFC) active filters operating under
distorted voltages with non-ideal compensator systems are
investigated. In the previous works, the compensator system is
regarded as an ideal Inverter. On the contrary, this paper
takes into account a set of important limitations of the real
compensators in frequency domain. Some restrictions are
caused by the inverter’s bandwidth limitation. To overcome
the tracking error, several approaches are suggested. In a very
effective approach, each single-phase inverter is treated as a
multivariable system in frequency domain to be compensated
by means of a simple identification/ equalizer system quite
suitable for the OFC system under study. It is shown that
using a series compensator besides removing the load voltage
harmonics, can significantly improve the tracking
performance of the shunt compensator. Extensive simulation
results obtained in Matlab/Simlulink environment prove the
feasibility and superiority of the proposed approaches.

Index Terms- Optimal Active Filter, Perfect Tracking, UPQC,
Distorted Voltage

Nomenclature:
n: Power factor
N: Highest order considered
for voltage harmonics
O A scalar to balance active power
i :[i*a, i*b R i*C]T : Desired load current vector
e =[e,, €, € ]T : Voltage vector of the load
e :[e*a, e*b, e*c]T Virtual voltage vector of
the load
e(s) : Laplace transform of e
e(s): Laplace transform of e
G(s) : Transfer matrix of filter banks
P,: Load active power
ir(,) i, it Zero, negative, and positive
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I.INTRODUCTION

Today utility network still significantly suffers from
some low power quality factors. Harmonics generated by
nonlinear loads, voltage sag, and high frequency
components caused by switched capacitors are some known
sources seriously degrading the quality of supply in the
power network. Active Power Filters (APF) or Line
Conditioners (LC) are modern tools to improve the power
quality on whole and mitigate the harmonics in particular
[1]-[10]. Ref [1] was the first to address some mismatch
between power factor correction and harmonics
cancellation under distorted voltage conditions. That
proposes an approach called Optimal and Flexible Control
(OFC) which compromises between some favorite power
quality indices via an optimization algorithm. The concept
can also be extended for many other power quality factors
need compromising. The OFC filters are inherently
complicated and time consuming systems with rather high
burden of real time calculations. Ref [2] presents a modified
OFC system where a Neural Network (NN) system replaces
the optimization process used in the classic OFC. Also, [3]
addresses transient behavior of the OFC APFs operating
under non-stiff voltage conditions that is where the source
impedance is significant. That may cause instability or poor
transient response for the system due to unwanted feedback
introduced by the aforementioned impedance. In line of the



OFC systems, [4] presents and interesting simplified
version of the OFC [1] with practical implementation
performed by means of DSP processors. Such
simplifications are crucial to the field, as despite the
interesting performance and high functionality of such
APFs, they still suffer from high complexity and cost
preventing them from widespread applications in the power

networks.
The OFC filters and their variants [1]-[8] which can be
called “Optimal APF Family” appear with some interesting
features and high functionality. However, the important
practical issue has been omitted in all the previous works is
the adverse impact of the limitations of the practical
compensator system should synthesize the optimal
compensating currents calculated by the control algorithm.
There are many known limitations for any inverter system
that prevent it from perfect tracking. These limitations can
simply be categorized into two following types:
a) Frequency domain limitations (
Inverter’s bandwidth and external disturbances

such as

mainly load voltage)
b) Time domain limitations (such as Inverter’s Slew
Rate and maximum peak current)

From frequency point of view, an inverter like any other
low pass system has limited bandwidth which introduces
some phase and amplitude errors at various frequencies.
Also, from control point of view, the current harmonics
injected to the compensator by the load voltage harmonics
can be regarded as some external disturbances, which
worsen the inverter’s tracking performance.

In this paper we are going to deal with some of the
aforementioned non-idealities of OFC filters preventing
them form perfect tracking. The main idea is to modify the
control algorithm of the OFC system to compensate the
imperfect tracking performance of the Inverter system. In
the main approach, here, we do not improve the Inverter
system. Instead, the Inverter’s reference signal is modified
by the OFC control system so that the overall compensation
ability of the whole OFC based APF is improved.
Moreover, the paper investigates the impact of the load
voltage harmonics on the performance of the parallel APFs.
One proposal of the paper is to use Unified Power Quality
Conditioner (UPQC) [9]-[10] filters to compensate load
voltage harmonics, load current harmonics, and power
factor simultaneously. Besides that, it is shown that using a
UPQC, which improves the load voltage harmonics using a
series APF, can also significantly improve the tracking
performance of the parallel APF embedded in the UPQC
system. The structure of the paper is as follows. In Section
I, a brief review of the OFC system is presented. Section
IIT explores the problems arise by imperfect tracking
performance of the inverters along with the external
disturbances with some examples. Section III suggests
some approaches to mitigate the imperfect tracking issues.
In section IV, as an interesting solution, the OFC system
along with the techniques used for improving the tracking
performance is used for controlling a UPQC system.

Section V presents concluding remarks.
II. REVIEW OF OFC

Here, a brief review of the OFC algorithm is presented.
Fig. 1 shows the structure of an under compensating system
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Fig. 1 OFC Based Active Filtering System
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by means of an OFC based shunt active filter. The active
filter consists of the control algorithm, Filter Banks, and
three single phase hysteresis controlled Inverters with their
output high pass filters to reject the high frequency ripples
produced by the switching actions of the Inverters. The
passive filters components are L, R, and C as identified in
Fig.1.

A.OFC Structure

Fig. 2 shows the block diagram of the OFC system [1].
The OFC structure in a-b-c frame [1]-[3] is characterized by
the following equations:

* * ok

i"=Y e (1)
e’ (s)=G(s).e(s) )

Where ") is a constant scalar for balancing the active
power of the compensated load and voltage vector e is a
filtered version of the load actual voltage, e. Filter bank
G(s) is designed based on a selected compensation strategy
through an optimization algorithm [1].

B. Compensation Strategy
The following indicates one of the most interesting load

compensation strategies that can be realized by the OFC
system used in [1]-[3].

Max 7 (G)
Subject to:
H;Sya’ Hl; S 71)’ H(’Sy(’ Hti,rzsﬂ’a,n’

. . — .0
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ol L
For example, the harmonic constraints can be selected
according to the IEEE standards for harmonics [11].
Moreover, any other power quality indices, e.g. THD of the

< ,0,0=1,2,... N(3)



compensated load currents can be considered as the cost
function as well [1].

C. Control Algorithm

Considering the first N terms of the Fourier series for e
and e , we have:
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Fig. 2: Block Diagram of The OFC System
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e =e, .G, (i) . i=123,..N &)
Similar equations can also be developed for phases b and c.
The phase responses of the filters for all harmonic
frequencies are set to zero. Neglecting the dc components,
the effective load voltage E, the effective filtered voltage E’,
andg, =(e' "), can be represented by the Fourier series

N
e, =e, + e, cos(iwi+g,)
i=1

coefficients of e and the filter gains as [3]:

E= %i(ef,+e;+ej) (6)
E = \/%ZN:(eZGj(i)+ebzbez(i)+ef’Gf(i)) (7
3

N
£l =3 DG+ G, () +G.0)
i=1

The desired load current (i" :‘I’J e") is calculated by

solving the non-linear programming problem introduced by
the compensation strategy e.g. (3), to determine the optimal
values of G,(i), Gu(i), G.(i) Power factor 7 is calculated by

(9) and is a function of the filter bank gains and the load
voltage harmonics. After calculating the optimal values of

the filter bank gains, parameter y/:; is calculated by (10) to
balance the active power of the load.

o

77=Pdc*= *Pdc *z(eezf/c (9)
E.I v,E.E E.E

. P

v P (10)
gdc

Finally, the power factor can be rewritten as:

R , , .
EZ(eiGg(z)+eiGb(1)+ef’Gt,(z)) R
i=1

77 = N N

.\/;Z(eicj(i)+e;Gj(i)+e§G3(i))\/;Z(e; +e, +e)
i=1 i=1

1)

Hence, the compensating current is calculated as follows.
i (=i, =i ()
(12)

This current is applied to the compensator system which is
usually a three phase Inverter system with PWM or
Hysteresis controllers. However, as already addressed, the

output current of the compensator Inf (see Fig. 1) is not
exactly the samei_(7) calculated. That is due to some non-

idealities in the compensator system including phase and
gain errors introduced by the inverters and their output
passive filters.

III. FREQUENCY DOMAIN LIMITATIONS
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Fig. 3 Block Diagram of the Entire Compensator

Imperfect tracking are partly due to frequency domain
characteristics of the compensator system. Some of them
are:

a. Bandwidth limitation of the Inverter system
associated with the passive filters to remove the
high frequency ripples.

b. External disturbances imposed by the distorted load
voltage

Fig. 3 depicts the block diagram of the entire compensator
denoted by Gg(s) including the Inverter and its HPF
dynamics as well as the effect of the load voltage as an
external disturbance. To highlight the adverse impact of
such limitations, a nonlinear load supplied with a distorted
source voltage is considered as shown in Fig. 1. The control
algorithm is based on (3) where the harmonics constraints
are taken according to the IEEE 519 standards [11],[1].
There is a hysteresis controlled Inverter in each phase
accompanied by a High Pass Filter (HPF) to suppress the
high frequency ripples introduced by the inverter. Also the
number of harmonics considered for the OFC realization N
equals 13. Fig.4 shows the waveforms of the source and
load voltages, and the load current before compensation.
The source voltage is intentionally assumed to be much
distorted with 7" harmonic (14.28 %) and 13"™ harmonics
(7.69%) to better show the behavior of the active filter
under severe conditions.

Also, Fig.5 indicates the load current, the reference current
calculated by the OFC system (as a reference to the



Inverter), as well as the synthesized current by the
compensator, the load current if an ideal compensator could
be used, and finally the exact source current compensated
with the real world compensator. As seen the resulting
source current is much more distorted than expected. Table
I summarizes the power factor and THD of the source
current of the uncompensated and compensated systems. As
seen, the resulting THD (reached) is 8.5% which is much
higher than the predefined level and expected by the OFC
algorithm (desired). It confirms significant adverse effect of
the Inverter and its HPF as well as the load voltage
distortion on the tracking performance of the compensator
even though a fast hysteresis controlled Inverter is used.
The situation could be much worth when Current Regulated
PWM (CRPWM) Inverters were used, as they introduce
much higher phase error compared to Hysteresis controlled
Inverters .To better discover the tracking error, the enlarged
waveforms of the reference signal produced by the OFC

system (i,.(f)), output current of the Inverter (if), and the

exact output of the compensator (i,f) are shown in Fig. 6.
As seen, the outer loop current that is the current after the
HPF filter has lower ripple, but it is more distorted in terms
of low frequency components due to phase delay and
amplitude error imposed by the HPF filter.

A. Control of single-phase Inverters

Recently, some advanced control systems such as
deadbeat [12], sliding mode [13], predictive [14],[15],
adaptive [16], multi rate feed forward [17], and adaptive
predictive [18] control systems have found successful
applications for reducing the tracking error of Inverters.
Deadbeat and predictive control strategies provide good
tracking ability, but they require the exact model of the
inverter. Another control approach has been developed
based on the concept of Synchronous frame PI controller
[19],[20]. In this approach, a high gain notch filter is

Source Voltage

400

V’ZOO

0 y
-200-

-400.04 005 006 007 008 009 0.1 0.11
400 Load Voltage ‘

\ e

‘/\1‘ A ﬂ{ i \ L\/ \/\"
40004 005 006 007 008 009 01 011
Source Current

1 /\\
0.12 0.13

20004 005 006 007 008 009 01 0.11
Time (second)

Fig. 4 Source and Load Voltages and Source Currents Before
Compensation

inserted in the feedback loop to provide high loop gain and
therefore guaranty a low tracking error at the center

0.14

frequency of the notch filter. However, this control system
as well as the other advanced control schemes are rather
complicated and require high bandwidth to track a
harmonic reference signal. It seems much difficult and
impractical to use the Synchronous frame PI controllers for
such references, as it requires a controller for each
harmonic leading to a much complicated and expensive
system. Almost all the addressed approaches are not
suitable for high bandwidth harmonic references. In the
rest, the following simple alternative approaches are
presented to improve the tracking performance of the
compensator.

e High gain multi-loop Hysteresis Controller

e Filtered Feed Forward Controller

e Adaptive Phase and Gain Compensator [21]
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Fig. 5 Up to Down : Phase a Currents of The Load, Reference and Real
Compensator, Ideally Compensated load, Non-Ideally Compensated Load

B. High Gain Multi Loop Approach.

To improve the Inverter’s dynamics, it is possible to
decrease the hysteresis band. That of course leads to higher
switching
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frequency increasing the loss. Moreover, that will not
compensate the dynamic of the HPF filter. In this approach,
another feedback loop is added based on the exact output
current of the compensator that is i, as shown in Fig. 7.

Because In¢ contains less high frequency ripples we can
increase the gain k appears in the figure with rather low
impact on the average switching frequency of the Inverter.
For this study, the hysteresis band delta and the controller
gain k equal 0.5 and 10 respectively. Fig. 8 show the
simulation result of the proposed approach and as reflected
in Table I, the THD of the source current is 5.5% showing
significant improvement.

C. Filtered Feed Forward Control

To better mitigate the effect of the load voltage harmonics,
the current of the HPF’s resistor R (i,/(#) ) is used. This

current is measured and its low frequency components are
somehow considered as the undesired harmonics imposed
by the load voltage. This set of low frequency harmonics
denoted by i,/ (t)is extracted from the original signal by

means of a FFT operator and a moving window over time
with length of T which is one period of the reference signal,
and i ofy (¢) is the high frequency components as defined by

(13)-(15).

Ly (O) =1, () +i,, (1) (13)
s (1) = Zil a;sin(iax + 6,) (14)
Ly, (1) = Z:NH a;sin(iax + 6,) (15)

Then, only the low frequency signal is used to correct
(modify) the reference signal as follows:

i, (O)=1i,()+i, (1) (16)
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Hence, the output current of the compensator should try to
follow the modified reference which results in mitigating
the impact of the load voltage. The simulation results are
given by Fig. 9, and as seen there is improvement in the
output current. This is also confirmed by the numerical
results shown in Table I showing a THD equals 5.48%
which is better than the results of the other approaches
already discussed.

D. Adaptive Phase and Gain Compensator

In this new approach which initially proposed by the author
[21], the Inverter system under control is treated as Multi
Input Multi Output (MIMO) plant in frequency domain as
shown in Fig. 10. The inputs A; and [J; are gains and
amplitudes of the harmonic components of the reference
signal respectively and the outputs are also the gains and
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Fig. 10 Block Diagram of An Inverter as A MIMO System
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Fig. 11 Block Diagram of The Adaptive Phase and Gain Controller

amplitudes of the harmonic components of the output
current. In ideal case, the output quantities should track the
input variables in steady state. In this strategy, the phase
and gain error of the Inverter at each harmonic is calculated.
Then the phase error is compensated by adjusting frequency
characteristics of the BPF as shown in Fig. 11. It should be
noted that in contrast to other classic control systems, here



we need the Inverter system to successfully synthesis a
current with harmonics only at some specified frequencies
not a wide band signal with continuous spectrum. The
situation however may become rather complicated and
expensive for active filtering applications where there are
many harmonics to be tracked. In such cases we need a set
of BPFs each for one of the harmonics. However, this
control approach is still the best candidate for OFC based
active filters, because we would not need any BPF. In the
OFC, the compensating current is synthesized term by term
based on its Fourier series [3]. Hence it is much easy to
modify the amplitude and phase of each harmonics directly.
Using (12) and considering only N terms for the currents
and voltages under study, the reference current can be
expressed as follows;

N .
i (1) = Z-:l iy, -Sin(ict + ;) (17)

On the other hand, the characteristics of the transfer
function G(s) between the reference current and the output
current of the compensator can be identified by the FFT

IR
expressed by (18). (.) denotes complex phasors
operators as

of the .
quantities.

laf,-

l

G, =

L(Liy=Liy) i=123,..N g

cri

Hence, each phasor harmonic of the reference signal can be
modified to overcome the gain and phase errors introduced
by the Inverter and its output filter as follows:

- i

1 =—=
(19)
Gf

Ji

cri

These modified components are used to correct the
compensating current (17). Besides correcting the
frequency characteristics of the Inverter system, this
approach can also mitigate parts of the harmonics imposed
by the load voltage.

Fig. 12 shows the simulation results of the system with the

IV. UPQC BASED OPTIMAL ACTIVE FILTERING

As seen in Table 1 and addressed in the previous section,
the adaptive controller introduced in the previous section
can provide the best performance compared to the other
controllers under study. In this section, the impact of load
voltage harmonics on the performance of the parallel active
filter is further investigated. Traditionally, UPQC system is
used to mitigate both the load voltage and load current
harmonics. An interesting idea could be use of a UPQC
topology with an OFC controlled shunt APF. This way, the
parallel APF, compensates the source current harmonics
compromising between current THD and power factor [1].
In the same time, the series APF (see Fig. 13) is in charge
of providing the load with a near sinusoidal and balance
voltage . It is also shown that the series APF besides
providing the load with a near sinusoidal voltage without
negative and zero sequences, can significantly improve the
performance of the parallel APF via improving the load
voltage waveform. Fig. 13 shows the Optimal UPQC
system under study. Fig. 14 shows the load voltage before
and after starting up the series APF where the shunt APF is
still off. Also, Fig. 15 shows the load and source currents
where the parallel APF also operates. In this case the
simplest control system that is a simple hysteresis controller
for the shunt compensator is used. The results summarized
in Table I show that the current THD and Power Factor of
the compensated load have significantly been improved.
The best results can be achieved by the Optimal UPQC with
the aforementioned adaptive controller. This can also be
seen in Fig. 16 that shows a less distorted waveform for the
source current. It is worth mentioning that there are some
changes in the desired THD and power factor for different
compensator as appear in Tables I. That is because every
compensator with different controller produces different
source current that causes different voltage situation due to
existence of the source impedance.

Table I: Comparative Results of Some Different Control Approaches

proposed approach. The resulting THD, as shown in Table D: Desired Power Factor % THDi % THDv
. H 1r
I, has further reduced to 5.44% showing the successful esire %
. R: Reached Source Source Load
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Fig. 12 Phase a Currents of the Compensated Load with Adaptive Phase
and Gain Controller
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This voltage change in turn requires the OFC system to
start over the optimization process that leads to new
optimized results. The concept has carefully been described

0.14in [3].After some iterations, the OFC provides the final

results. For all the simulations, a Proportional-Integral (PI)
Controller is used to regulate the capacitive dc bus of the
Inverter (K,=10 and K;=5) [1].

V. CONCLUSION

Impact of frequency domain limitations of the practical
active power filters operating under distorted voltage
conditions was studied. Through extensive simulation
results carried out in MATLAB / SIMULINK environment,

0.14it was explored that how such limitations including

bandwidth limitation and load voltage disturbance can
deteriorate tracking performance of the Inverter based
compensators. Several simple approaches including an
adaptive phase and gain regulator for the Inverter to
improve tracking ability of the OFC based APF system
were suggested and investigated. Also, a novel system
called OFC based UPQC was proposed and its superior
performance was proved through simulation studies. The
OFC based UPQC system besides removing the load
voltage harmonics and unbalance, can significantly
contribute in improving the shunt compensator’s
performance. Studies presented in the paper reinforce the
overall superiority of the optimal active filters in not only
compromising between power quality requirements, but
also in intelligent dealing with some practical limitations.
Other practical requirements such as dc bus voltage
fluctuations and Inverter’s conduction and switching loss
can intelligently be optimized in OFC algorithm.
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