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Abstract- This paper discusses a novel power quality improvement method for standalone permanent magnet synchronous
generator (PMSG) based wind energy conversion system (WECS). The standalone systems are more susceptible to variations in
parameters like voltage, frequency, harmonics, etc. These power quality issues can be addressed using an active power filter
(APF) integrated at the point of common coupling (PCC). The traditional APF employs Phase-locked loop (PLL), which
estimates the angular frequency, and provides limited performance under these variations. The paper proposes a new technique
of reference current generation for active power filter (APF) based on the implementation of self-tuning filter (STF). The
inclusion of STF instead of conventional low power filter LPF and high-power filter HPF allows direct extraction of the
fundamental component in the a-f axis from a distorted electrical signal. This approach achieves simplicity and improved
robustness by dispensing with the need for a Phase-locked loop (PLL) in the system. An adaptive hysteresis band current
controller (AHBCC) is implemented to generate the switching pattern for regulating the APF by modulating the hysteresis band
with system parameters thus maintaining the modulation frequency nearly constant. Mathematical analysis along with MATLAB

based simulation results verifies the effectiveness of the proposed topology.

Keywords PMSG, power quality, harmonics, self-tuning filter, adaptive hysteresis band current controller.

1. Introduction

In remote locations, power transmission from the grid is
either expensive or non-feasible. In such isolated places
standalone renewable energy sources like wind, solar, tidal,
biofuels and hydrogen are becoming promising sources of
energy. These renewable energy sources can be used for mid
and small-scale power generation at an economic and
competitive rate as compared to the traditional system [1]. The
wind energy conversion system (WECS) meets the criteria for
becoming a better alternative for conventional sources [2].
Variable speed wind turbine (WT) is widely used as compare
to wind turbine with gearbox [3]. Wind turbine operates at
constant speed however these variable speed WT can be
operated with generators like induction generator, both
squirrel cage (SCIG) and doubly fed induction generator
(DFIG) as well as PMSG, which are widely used for low and
medium power applications [4]. Gearless speed regulation and
high torque at low speed are major advantage of this WT
system [5]. The permanent magnet generators offer several
advantages over conventional generators. It eliminates need of
gears that leads to increase in overall efficiency and system
reliability while decreasing total weight of unit and
maintenance cost [6]. The standalone wind energy conversion
system (SWECS) comprises of power electronics interface

converter (AC-DC, DC-DC, DC-AC) between WECS and
network [7]. Modern days consumer load including large
industries and domestic loads are non-linear in nature and
inject harmonic in system owing to large power electronic
switching application which may lead to critical issues like
equipment failure, resonance, power loss, conductor heating,
and delivery system reliability [8]. Passive filters are used to
eliminate harmonic distortion as they are simple and
economical [9]. However, it has limitations of bulky structure
and is designed to compensate for certain set of harmonics.
Therefore, due to limitations like fixed compensation, large
sizes, limited filtering and specific load range enhanced filter
technologies like static synchronous compensator (SSC),
dynamic voltage regulator (DVR), active power filter (APF)
[10], unified power quality conditioning (UPQC) [11],
multilevel inverter [12] were introduced. The shunt active
power filters (SAPF) are used at utility side to compensate for
current and voltage harmonics, phase balancing, reactive
power compensation etc. A SAPF consist of VSI inverter with
input inductive coupling and self supported DC capacitor bus.

SAPF's ability to compensate current harmonics relies on
precise estimation of reference current [13]. The reference
current generation methods have been categorized as time
domain and frequency domain [14]. Time domain-based
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techniques like instantaneous power(p-q) theory and
synchronous reference frame (SRF) (or d-g), remain the
preferred methods as they are easier to implement. This
reduces controller complexity and, as a result, simplifies the
process of practical implementation.

Time domain reference current generation method
algorithms are simple as compare to their alternatives in the
frequency domain. However, it suffers from possible
drawbacks that in turn limits SAPF's capacity [15]. One
significant disadvantage of algorithm like the SRF method is
the requirement of phase locked loop (PLL) to derive
synchronization reference phase. Inclusion of PLL
necessitates careful implementation if the source voltages are
non-sinusoidal or unbalanced [16]. Although, the p-q theory
approach has no requirement for a PLL block, however using
this, computing effort of the controller increases due to the
additional need for active and reactive power estimation and
increased number of voltage transformation steps. In addition
to it, for obtaining reference current both p-gq and SRF theory
algorithms rely on either high pass filter (HPF) or low-pass
filter (LPF) to derive their power and current components
respectively [17]. As LPF provides better harmonic mitigation
performance, it is preferred for reference current generation.
However, when fundamental component of current/voltage
has high amount of ripples, LPF could not provide precise
fundamental reference current/voltage generation.

STF can be incorporated to filter the harmonic present in
the sensed voltage and current in order to improve the
accuracy and stability of the control system. STF has been
integrated with both SRF [18] and p-q theory [19] to work
effectively under balanced as well as distorted voltage
conditions. The STF when integrated with SRF based
algorithm, improves the performance of PLLs under distorted
source voltages [20]. In case of p-q theory based (STF-pq)
algorithm, STF replaces HPF to generate sinusoidal reference
voltage for proper synchronization when the source voltage is
non-sinusoidal. STF-pq theory algorithm uses two STFs
simultaneously where one STF is used to filter voltage
harmonic from distorted source voltage and the other STF
filter harmonic component from load current [21]. Together
these two filtered voltages and current components are used
for estimation of active and reactive power. STF algorithm
does not require PLL and is effective in steady-state and
dynamic conditions. However, it has increased computational
burden and generates non-sinusoidal reference current owing
to dependency on fixed gain value. Therefore, due to non-
sinusoidal reference current generation by the present pq
theory, SRF technique, and STF-pq theory-based algorithms,
the direct current control (DCC) scheme is employed to
provide the desired switching pulses for regulating the SAPF's
mitigation operation [22]. As reported, SAPF switching
operation induces switching ripples which in turn pollutes
source current and hence degrades the compensating current
quality. In the DCC scheme, the switching pulses generated
by comparing non-sinusoidal reference current with the
measured compensating current (SAPF output current) do not
convey precise information of the measured source current.
Hence DCC scheme is unable to reduce the problem of source
current contamination by switching ripples due to lack of
essential information. In this paper, an improved reference
current generation scheme is proposed by including a self-

tuning (STF) suitable for SAPF’s control under distorted
voltage conditions. An indirect current control (ICC) scheme
is implemented to generate PWM signals by comparing
sinusoidal reference source current with actual reference
current overcomes this weakness of the DCC scheme. It is
devoid of switching ripples problem and therefore provides
better harmonic mitigation as it has the precise characteristic
of actual source current [23].

This paper presents an improved time domain based
current control algorithm that operates under ICC scheme. It
employs STF technique for efficient performance even under
the condition when source voltage is non-sinusoidal. The
proposed scheme generates the required reference current
precisely by employing STF technique and therefore ensures
that even under non- sinusoidal source voltage condition the
SAPF is able to perform effectively by providing
synchronization reference phase as well as by generating
desired reference current.

Further, the proposed scheme act as the current controller
for the power converter. This inner current loop controller
generates the suitable switching pattern for the IGBT’s of the
VSI by using various current control technique such as
periodical- sampling controller, triangular current controller,
sinusoidal-PWM [24] and hysteresis current controller.
Among the different strategies proposed the hysteresis band
current controller (HBCC) is preferred due to its simplicity,
ease of implementation, fast dynamic response, and
robustness towards load perturbations. In conventional
HBCC, inverter current is modulated in predefined hysteresis
band to achieve low THD. This leads to higher switching
frequency which exhibit large variation in switching
frequency (uneven switching frequency). At higher value of
switching frequency, these large variations in frequency cause
significant switching losses, reduced efficiency. It lead to
acoustic noise, difficulty in filter design and complex
hardware implementation [25]. To overcome these
limitations, adaptive-HCC is implemented which offers
variable hysteresis bandwidth and reduced in switching
frequency variations.

2.System Description

Fig. 1 shows the schematic circuit diagram and control scheme
fora WT driven PMSG based wind energy conversion system
in an isolated mode.

Non linear load

SAPF (CC-VSI)

Fig.1 Basic topology of the scheme.
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A conventional two-level current controlled voltage source
inverter (CC-VSI) with input coupling inductor and DC link
capacitor act as the SAPF is connected at the point of common
coupling (PCC). The DC bus capacitor and input filter L, R¢
act as filter that minimizes the switching ripples generated. A
three-phase line impedance Ls, Rs feds a diode bridge rectifier
with a resistive inductive load used as a non-linear load for
simulation.

3.Control Strategies

A typical direct driven PMSG terminals feed the non-
linear load as shown in fig.2. Harmonics induced by the power
inverter's switching action is suppressed by connecting shunt
APF at PCC through filter inductance. The proposed scheme
is divided into two sections. The first is a controller for
reference current extraction that employs STF and the Pl
controller to generate unit current vectors. The Pl controller
regulates the DC capacitor voltage of the CC-VSI. Second,
for a PWM-current controlled voltage source inverter, an
adaptive HBCC switching control approach is used. The
instantaneous load current (I, b, lic) is sensed and is
transformed using Clarke’s transformation to a-p coordinates
which further is converted to unit current vector templates.
The amplitude of these templates is unity in steady-state and
may vary under varying load conditions. The sensed voltage
of DC-link capacitor voltage V4. and reference voltage Vc,ret
are used to measure a voltage error V.. This error then
processed through a proportional integral (PI) controller to
estimate the current loss component , which is necessary for
controlling the DC-link voltage of VSI.

The desired reference current (Isa*, lsp™, Isc*) is generated
by multiplication of the PI controller output and unit vector
templates. The reference current is processed through
AHBCC to obtain desired switching pulses.

3.1 Hysteresis based current controller

The performance and effectiveness of APF depend on the type
of controller and control algorithm used with it. The controller
used decides the switching pattern for the CC-VSI of the APF,
thereby achieving the desired compensation for current
harmonics. Among various methods, HBCC is the preferred
method because of its advantages like better stability, good
precision, high accuracy, ease of implementation, and
simplicity [26]. In HBCC, the resulting error is obtained by
comparing the actual current with the reference current. In it,
the hysteresis compensator forces the measured current to
follow the estimated reference current in a limited fixed
predefined range. The hysteresis controller determines the
switching signals when subjected to errors obtained by
comparing the two current. The lower and upper switches are
turned ON when the error surpasses the upper (+HB) and
lower (-HB) boundaries of the hysteresis band. This forces the
actual current to remain within the hysteresis band as shown
in fig.3. The switching frequency of HBCC is determined by
the rate at which current changes between the two limits of the
tolerance band. Hence, the switching frequency is not stable
as the shape of the current wave changes over time.
Parameters like line inductance and capacitor voltage
determine the rate of change of current. Increase in the
switching frequency help to improve the compensating current
waveform. However, it can be increased within limits as
switching losses and EMI are directly proportional to it as well
as there is device switching frequency limitation as well.
Therefore, the fixed hysteresis band current control method
exhibits disadvantages of uneven switching frequency, makes
difficult to design input filters and causes acoustic noise. The
proposed AHBCC adjust the hysteresis bandwidth in response
to change in instantaneous current and capacitor voltage.

Non linear load
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Fig.2. Schematic diagram of STF based active power filter scheme.
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The switching pattern of CC-VSI can be controlled by
modulating the hysteresis band (HB) at a discrete point of the
fundamental frequency cycle. A MATLAB based s-function
is designed to generate switching pulses using variable
bandwidth.
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Fig.3. Current waveform with HBCC.
3.2 DC link voltage (V) PI controller

The DC-link voltage is regulated by comparing its measured
value with the reference voltage. The resulting voltage error is
passed through the PI controller. This can be expressed by the
following equations:

Error = V, = Vdrcef — pactual
Output of PI controller = k,V, + k; f V, dt

k, controls dynamic response whereas k; determines the
settling time for DC voltage [2] [10]. The PI controller output
determines the peak value of the reference current Inax. The
desired reference current to compensate for the harmonic
component is generated by multiplying the peak current and
the unit current vector.

3.3 Principle of Self-Tuning Filter (STF)

A STF is negative feedback looped sinusoidal signal
integrator that is used to extract fundamental components of a
positive sequence signal from a distorted input signal [27].

A three-phase distorted load current 1. can be expressed in
Fourier series as:

m
I1a(t) = g1 sin(wt + B1) c + Z I an sin(nwt + 0,)

n=2
m
. 2m . 21
I, (t) = I pq Sin (wt +0, — ?) + Z I pn Sin (nwt + 0, — ?)
n=2
m
. 21 . 21
I;.(t) = I} sin (wt + 0, + ?> + I} cn Sin (nwt +0,+ ?)
n=2
)

Where I} 41, I1p1, I1c1, N & ¢ are the amplitude of three phase
fundamental load current (1), order of harmonic and phase
delay respectively. These three-phase measured load current
I ape can be transformed into two phase off orthogonal
coordinates by using Clark’s transformation as follows:

-1

1 2+ g
Io] 2 2 2 |4
Iig|l 3 0 V3 3| [ kP
2

2 ILC

(2)

STF is applied to extract the DC component (fundamental) of
the load current (I, (dc)) that ensures in-phase operation of
the APF with the power system.

The LPF is commonly used for computing the fundamental
component of any signal (current/voltage). The primary
drawback of conventionally applied LPF is the phase lag that
it introduces [28]. Further, it does not completely filter out
lower order harmonics. The STF overcome these drawbacks
by extracting the positive sequence fundamental component
of the distorted signal.

The STF principle is based on the extraction of the DC
(fundamental) from the distorted signal. The af axis currents
can be divided into fundamental (DC) and oscillatory
components.

ILa] — [ILa (dC) + fl:z]

~ 3

Where I 45(dc) & Ip4pdepicts fundamental (DC) and
distorted (AC) components of the load current in o8 domain
respectively.

From Eq.2 I, is obtained as:

L, = E1 t)—il (t)—il 4
La — 3La( \/—ng \/ELC ()

By substituting the values of I, 4, I3, I} from Eq (1,2) in Eq.4
gives

\Emal sin(@t + 0y) + XMy Lan sin(not + 0,)} —

L{IL,,1 sin (wt + 0, — 2?71) + Y, Iy, Sin (nwt +0,—

N
23_2)} - %{ILC:[ sin (wt +0,+ 2{) + szz I en sin (nwt +
0+ %)) (5)

Simplifying to obtain load current component in o and
similarly in 8 coordinates:

1,(t) = \El1 sin(wt + 0,) + \EZ;’{’ I, sin(nwt + @,,) (6a)

3 3%
Ig(t) = —\E I, cos(wt + @,) — \EZ I, cos(nwt + @,,) (6b)

n

Where I;44, I;,and I, 4, are the magnitude of fundamental and
harmonic load current components respectively.

Integration of a signal in a synchronous reference frame can
be defined as [2] :
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Iprs @) = ejwtf et IaBe (t)dt @)

Where I, (t) and I, (t) are the instantaneous signals in the
synchronous reference frame and stationary reference frame
of wt respectively before and after integration.

Eq. (7) can be stated by transfer function as follows:

Iaﬁs(t) i
= g/t 8

Iaﬁe(t) ( )

Taking Laplace transformation of Eq. (8) it can be described

by following transfer function

1 S s+ jw
Iaﬁs(() — - J) - (9)
ape () s+ w

The stationary component in above transfer function can be
obtained by tracking the rotating phase angle (wt). This can be
done by using a PLL with a limitation of introducing the phase
delay in the system.

H(t) =

H(s) =

+, ™S [ 1 |
ILa X ——— K >— >} » 1/5 |p la(dc)

| + '-‘y—"“{_l o 15 b | d
8 & i 18 (do)

Fig.4. Self tuning filter tuned to fundamental frequency @

The above problem in transfer function H(s) can be eliminated
by addition of constant h in it. Therefore, the transfer function
gets modified as:

laps(s) (s+h)+ jw (10)

Iope (5) (s + h)?2 4 w?

Fig 4 shows block diagram of STF based control algorithm for
determining reference supply current through the extraction of
fundamental load current.

Addition of h limits the magnitude of the transfer function. As
the value of h increases the selectivity of the filter increases
simultaneously but at the same time, transient time also
increases. Therefore, the gain h is tuned so that STF extracts
fundamental component accurately with reduced time
constant and without any phase delay and change in
amplitude. At ® = w, (cut off frequency) the transfer function

H(s) =

magnitude equals to 1 and phase delay is equal to zero. 1/h is
defined as the time constant of STF.

Simplifying and applying inverse Laplace’s Transform with
cut off frequency w, in eq. (10) gives:

[Laﬁs (t) = he_ht ejwct ILaﬁe (t) (11)

Further replacing I,45(t) by I,(t) + jlg(t) and the output
signal Ig, (t) by I, (t) + jl(t) and expanding e/¥<* gives:

I'g(®) +j T = he ™ cos(w,t) + j he ™ sin(w,t)] X
e (® + jlp(D] (12)
Equating real and imaginary parts on both sides we get:

I (¢) = [he ™ {Io(t)cos(wt) — I (t)sin(wt)}]
Ig (£) = [he " {I,(O)sin(w,t) + Iz(t)cos(wt)}]

Using Laplace transformation and on further simplification
eg. (13) can be written as

} (13)

_ h _ w, -
Ta(s) = —{Aa() ~A ()} = —T5(s)
S S
(14)

- h We -

Tp(s) = {Ip(9) ~p()} =~ Ta(s)
Fundamental component can be extracted from distorted
signal using eq. (14) without any phase delay and amplitude
change. Bode plot of STF for varied values of ‘h” parameter
is shown in fig.5.

Bode Diagram
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Fig.5. Frequency response plot of STF for varied values of h.

It demonstrates that filter selectivity increases as the value of
‘h’ parameter increases. It can also be observed that this filter
does not introduce any displacement at fundamental frequency
(fo = 50 Hz). Hence, it can be stated that STF extracts
fundamental component from distorted voltage / current signal
without change in magnitude or introducing any phase delay.

4. Simulation results and discussion:

A non-linear load is modelled using three phase bridge
rectifier (uncontrolled) connected across resistance R = 100Q
and inductor L=100mH.

The STF based compensation control scheme along with
adaptive HBCC based switching pattern technique is
simulated using MATLAB and results are obtained are
discussed. The effectiveness of the scheme is evaluated for
various load conditions. Different load conditions chosen are
fixed non-linear load, variable non-linear load and unbalanced
non-linear load.

Case 1: Fixed non-linear load:

An R-L load across an uncontrolled three-phase rectifier
(diode bridge) is connected as non-linear load. Parameters for
non-linear load and shunt APF are listed in Appendix.
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The simulation results as shown in fig.6 shows the waveform
for three phase load current Iia,lio ,Iic ,load current in off axis
I2a, 125, and fundamental current signal extracted for reference
current generation lzqc |50 -1t can be observed that input to
STF Izl consist of both harmonic and fundamental
component and after STF filtering the output contains only the
fundamental current component that validates the efficacy of
proposed STF based filtering scheme.

|
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1
[ S

(=]

HU.? 0.25 0.3 0.35 0.4 0.45 0.5
Time (Sec)

'
[ S )

|
o

I5,.(A)

Fig.6. Performance of STF based fundamental current signal
extraction under fixed non-linear load condition.
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THD=2642%

20 0

THD= 1.65%

50 50
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Harmonic order Harmonic order
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Fig.7. THD values with HBCC of (a) Load current (b)Source
current. THD values with AHBCC of (c) Load current (d)

Source current.

FFT analysis in fig.7 depicts that THD level of load current
and source current for phase ‘a’ after providing compensation
has improved with adaptive hysteresis band current control as
compare to fixed band conventional hysteresis band controller
from 4.36% to 1.65% which is in compliance with the IEEE
519 standard harmonics distortion limit.

500

= AR

— T LT LTI T I T LTI I T I ]
T L L L L L L L L L L L L LT L LI LLL

—~ 630 . . . r y

< 625t ]

0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (Sec)

Fig.8. Waveform of generator voltage (Vsanc) and current
(Isanc), compensating current (lemp), load current (Ianc), DC bus
voltage (Vbc) under fixed non-linear load condition.

It is observed from fig.8 that source current becomes
sinusoidal after application of SAPF at t= 0.3 seconds.

2

CurrentError

-9 . . ) . .
0.4 0.5 0.6 0.7 0.8 0.9 1
Time(Sec)

CurrentError

0.4 0.5 0.6 0.7 0.8 0.9 1
Time(Sec)

Fig.9.Current error envelope for (a) fixed HBCC (b) AHBCC.

Fig. 9(a) and fig. 9(b) shows the current error envelope (6 I =

I; — I,) for fixed HB current controller and adaptive HB
current controller. It is seen that the Adaptive HB current
controller has small current error envelope as compare to fixed
HB current controller. It indicates that tracking error between
actual and reference current is minimal in case of AHBCC.
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Case 2: Variable non-linear load:
Dynamic performance of STF based proposed control scheme
is validated by perturbing the load in step manner.

20 T T T T T
_20 L L L L "
20

I1,(A)

114(A)

-20
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Ilut—i)

-20

I (A)

|
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1
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0.3 0.35 0.4 0.45 0.5
Time (Sec)

oM
[

o

~

[

‘{L.-‘.u(' ( 1)

Fig.10. Performance of STF based fundamental current signal
extraction under variable non-linear load condition.

Load is first increased at t = 0.24 sec and t = 0.28 sec. It is
subsequently disconnected in steps att=0.32secandt=0.34
sec.

__ 500

(VAT

Inp(A)

20

Iy..(A)

=20

630 . . . . ‘

= 625 1

0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (Sec)

Fig.11. Waveform of generator voltage (Vsabc) and current
(Isabc), compensating current (Icmp), load current (ILabc),
DC bus voltage (VDC) under variable non-linear load
condition.

The simulation shown in fig.10 verifies the performance of
STF filter in extracting the fundamental current component
even under variable load condition. Simulation results in
fig.11 indicates that the controller adequately mitigates the
harmonic distortion and fulfill reactive power requirement
during the change in load conditions.It is observed that the Pl
controller effectively regulates the DC-link voltage variation
by controlling the peak value of source current.

Case3: Unbalanced non-linear load:

A three phase unbalanced nonlinear load is realized by
connecting three single phase rectifiers with unequal resistive
and inductive load . Fig.12 shows extraction of fundamental
current component by STF filtering during the period of load
unbalancing.

Fig.13 shows the waveform of source voltage (Vsanc) With
source current (Isanc), compensating current for phase ‘a’(lemp),
load currents (l.anc), voltage across DC link capacitor. The
unbalanced load is connected at time t = 0.3 sec resulting in
unbalancing in load condition. It is observed that unbalancing
in load does not affect the source current that is the generator
current and it remains balanced and sinusoidal. This further
indicate that inverter controller has isolated the unbalanced
load side and the source side. The DC bus voltage (Voc) is
also maintained at its reference value during these change in
load condition.
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Fig.12. Performance of STF based fundamental current signal
extraction under unbalanced non-linear load condition.
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Fig.13. Waveform of generator voltage (Vsac) and current
(Isanc), compensating current (lemp), load current (I anc), DC bus
voltage (Vpc) under unbalanced non-linear load condition.

Efficacy of AHBCC over traditional HBCC is validated by
improvement in THD level of load as well as source current.

In all three cases discussed, proposed STF based technique is
able to filter the harmonic component of load current thus
providing only the fundamental component for reference
current generation. The Pl controller satisfactorily regulates
the DC-link voltage variation due to change in load conditions.
Efficacy of AHBCC over traditional HBCC is validated by
improvement in THD level of load as well as source current.

5. Conclusion

This paper discusses a new STF-based fundamental
component extraction algorithm. The harmonics caused by the
non-linear load are effectively mitigated by the proposed
technique. The sinusoidal reference current is accurately
generated by implementing the STF-based algorithm that
extracts the fundamental current component from a distorted
load current. Performance of the proposed algorithm is
analyzed comprehensively for both steady-state and dynamic-
state conditions. The proposed algorithm improves the
performance without utilizing classical LPF/HPF for
harmonic elimination and PLL for phase synchronization. An
Adaptive HBCC is used as current controller that provides
stable switching frequency. Simulation results suggests that
with proposed algorithm low THD levels are achieved in
steady state and fast response time during dynamic- state
conditions.

Appendix:

PMSG parameters: Power (P) =2.2 KW, no.of poles=5,
Armature resistance (Rs)=0.415 ohm, d-axis inductance
(Lsa)=5.13mH, g-axis induactance (Lsq)=5.13m, Flux
linkage(W)=0.121 wb

Load Parameters: Non-linear load :3-phase full bridge diode
rectifier with R = 100 ohm, L = 100 mH as load, DC-bus

capacitance = 1500 pF, Coupling inductor = 2mH, Constant h
(STF) = 80.
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