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Adaptive Self-Tuned Current Controller Design

for an LCL-Filtered LC-Tuned Single-Phase
Shunt Hybrid Active Power Filter
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Abstract-- This paper proposes an adaptive self-tuned
current controller design for an LCL-filtered LC-tuned
single-phase shunt hybrid active power filter (HAPF),
which offers adaptability and flexibility of the control
system to filter parameters changes. System modelling and
online identification of parameters are presented. Then, a
systematic self-tuned controller (STC) design is proposed to
calculate the controller parameters and obtain the final
control law adaptively. The exact HAPF parameters design
is described and the overall closed-loop stability evaluation
with considering digital control delay is discussed in this
paper. To confirm the theoretical achievements, simulations
and experimental tests on a real prototype system are
performed. The results are in good accordance and
demonstrate the effectiveness and superior performance of
the suggested control technique. Furthermore, a
comprehensive comparison between the proposed control
technique and other controllers is provided to show the
superiority of the proposed system from different aspects.

Index Terms-- Hybrid active power filter; adaptive controller;
self-tuned controller; LCL filter; stability evaluation.

NOMENCLATURE
PPF Passive power filter
APF Active power filter
HAPF Hybrid active power filter
Pl Proportional-integral
PR Proportional-resonant
STC Self-tuned controller
FACTS Flexible AC transmission system
ZOH Zero-order hold
RLS Recursive least square
MDDP Minimum degree pole placement
ITAE Integral time absolute error
PWM Pulse-width modulation
PCC Point of common coupling
THD Total harmonic distortion
is Source current
iL Load current
iH HAPF injected current
ip PPF inductor current
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ia APF injected current

ic LCL filter capacitor current
i Converter output current

Vs Grid voltage

Veony Converter output voltage
Vep PPF capacitor voltage

Ts Sampling period

I. INTRODUCTION

PFs, APFs and HAPFs are introduced to alleviate the effects

of harmonic currents and reactive power issues of nonlinear
loads in electrical networks. The PPFs have the advantages of
simplicity, low cost, and high reliability; however, their
performance highly depends on the grid and load conditions and
they are susceptible to resonance with the grid [1]-[3]. The
APFs have advantages of flexibility, perfect harmonic
compensation and eliminating the possibility of any resonances.
However, they suffer from lower reliability due to their active
elements (power semiconductors), higher cost and lower rating
due to semiconductors limitations [4]-[6]. The traditional
HAPFs, which are a series connection of the PPF and the APF
and are connected in parallel to the grid, are proposed for
medium voltage and high power applications. In these
structures, the fundamental component of the grid voltage drops
across the PPF capacitor, hence the APF voltage significantly
decreases. Still a high compensation current flows through the
power switches, due to the series connection of the APF [7]-
[16]. An improved HAPF structure, including the parallel
connection of the APF with the PPF inductor, is presented in
[17]-[19]. This structure offers a lower APF current rating and
higher reliability than the conventional HAPFs. While a
complex reference current generation and control system are
proposed for the improved HAPF, the parameter uncertainties
and the effect of grid impedance variations are not investigated
yet. The complex parameter and control design and probably
the higher implementation cost can be mentioned as major
limitations of the improved HAPFs. The single-phase shunt
HAPF can be used for compensating nonlinear loads of
domestic or commercial consumers. Although the THD of each
low-power single-phase nonlinear load (such as computers,
CFLs, LEDs, refrigerators, TVs, air conditioners and so on) is
high, the RMS values are low. When all these loads are supplied
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at the same time in a domestic or commercial complex, then the
values of both THD and RMS current are high. The single-
phase HAPFs can be used in three-phase four-wire distribution
networks.

To control the HAPF system, many different techniques
such as proportional (P) [7]-[9], PR [5], [10], [19], repetitive
[11], deadbeat [6], [12], fuzzy [13], predictive [14], and
nonlinear controllers [15]-[16] are employed to track the
reference current and reject disturbances. Resonant controllers
provide a high gain at the desired frequency and its multiples
[5]. This type of controller has the advantages of simplicity,
relatively fast dynamic response and low computational burden,
but they suffer from decaying response reduction to step
changes, high sensitivity to the grid frequency changes and
instability due to the phase shift [5], [10], [19]. Repetitive
controllers are a common type of controllers in reference
tracking of periodic signals. Their transfer functions are
basically equal to the sum of a high number of harmonic
resonators. Repetitive controllers benefit from high tracking
accuracy and simple implementation, but their limitations are
slow dynamic response and high memory space occupation
[11]. The deadbeat controller is a digital model-based controller
which offers high control precision and fast dynamic response;
while its performance is highly dependent on the model
parameters [6]. Adaptive control methods are widely used in
industry and academia and STC is a well-established adaptive
method, which has shown success in many applications [20]-
[26]. In [20] and [21], the authors use STC to control a DC-DC
switching converter. The average model of the non-inverting
buck-boost converter in the time domain is obtained in [20].
Then, RLS system identification and the STC method are
implemented. However, calculations of the final STC
parameters for the digital system, and the control stability
evaluation are missing. Also, the mathematical and identified
model parameters are relatively different. Authors in [21]
estimate the synchronous buck DC-DC converter parameters
using Kalman filter and then implement the STC technique to
obtain the final duty cycle of the converter switch. In this paper,
much efforts have been made in Kalman filter improvement for
the parameters estimation and a brief on STC and control
system is presented. Reference [22] discusses high-precision
position control of a switched reluctance motor using the STC
method. In this paper, only the fundamental formula for the
parameter estimation and the STC are reported without any
model and controller calculations. References [23]-[26] discuss
using STC for FACTS devices (SVC, TCSC, STATCOM and
UPFC). The exact system modelling in the discrete-time
domain, the overall system stability evaluation, the effect of the
system parameters changes on control performance and a
comprehensive comparison between the proposed method and
other control methods are not still addressed.

In the HAPF system like other mentioned systems, the exact
values of the inductors and capacitors may not be always
known. In practice, they are affected by several factors, such as
manufacturing tolerances, ageing, temperature, deterioration
and load level. With the model-based controllers, any
difference between the nominal values, which are considered in
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the controller design, and the actual values affects the
compensation performance and may even lead to instability.
Also, in other non-model-based techniques, the effect of system
parameters changes on control performance can be relatively
significant. Indeed, the control parameters are designed for the
current situation and continuous modification should be applied
over time.

This paper proposes an adaptive STC control technique for
the single-phase LCL-filtered HAPF. In the proposed
technique, the reference current tracking of the HAPF and the
grid current compensation are adaptively performed such that
possible changes or mismatches in the filter parameters do not
degrade the control system performance. Also, the digital
nature of the proposed controller simplifies its implementation.

In this paper, the system is modelled in the continues-domain
and then transformed into a discrete-time form. Then, a
straightforward online identification algorithm for the system
parameters is proposed followed by a systematic design
procedure for an adaptive STC for the APF injected current.
Therefore, the effect of system parameters’ mismatches is
compensated for. Also, improved formula for the adaptive
control law is suggested, which ensures proper rejection of grid
voltage disturbances. Then, the HAPF parameters design is
described considering the LCL filter stability requirements.
Afterwards, the overall closed-loop control stability in the
discrete domain and considering the digital control delay is
discussed. Finally, simulation and experimental results on a real
prototype under steady-state and transient circumstances,
including model parameters’ changes are reported. That
confirm the superior performance of the developed control
scheme. Also, a comparison between the suggested technique
and other control methods is provided. The original
contributions of this work can be summarized as:

o exact modelling of the LCL-filtered LC-tuned single-

phase shunt HAPF;

o online identification of system parameters;

e proposing a systematic and straightforward procedure

for STC design;

e proposing an improved formula for the adaptive control

law to reject grid voltage disturbances;

e designing a stable LCL filter without any extra passive

or active damping methods;

o evaluating the effectiveness and superiority of the

proposed technique over other successful current
controllers under various conditions.

Il. SYSTEM MODELLING AND IDENTIFICATION

The single-tuned single-phase shunt improved HAPF
structure is shown in Fig. 1. In this structure, a single-tuned PPF
is connected to the grid and a single-phase APF is in parallel
with the PPF inductor. Besides, an LCL-type switching noise
smoothing filter is employed at the converter output. The LCL
filter capacitor is very small and shows its effect at high
frequencies. So, due to its high impedance at low frequencies
and a negligible current through it, its effect is neglected in the
following modelling and controller design. Although, the exact
modelling, HAPF parameters design and stability evaluation in
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presence of the LCL filter capacitor are performed in the next
sections. Therefore, Ly accounts for both converter-side and
grid-side inductors and equals to (La + L;). The state-space
continues-time model of the single-phase shunt HAPF is
obtained as

0 0 i 1] _—1
dx(t) L1T L 1
—=50 0 T X(t)+ 0 Vconv(t)+ T VS (t)
dt L, ) L,
11, 0 (1)
L “p Cp ] s L
A B,
yt)=[1 0 0]x(t)
C

where x(t)=[ia(t) ir(t) vcp(t)]" is the state vector. By applying the
Laplace operator to (1), the transfer functions of the converter
and grid voltages to the APF current can be calculated as

. L.C.s*+1
IA (S) = P3 : Vconv
L L.Cos” +(L; +Lp)s

Gplanl (s)

: L.C,.s”

1,(S)=— Ve (S

R TN @)
The ZOH method is the most common discretization

technique, which is widely utilized in industrial control systems

to discretize the plant model wherever a digital platform is

employed to implement the digital control algorithm. By

discretizing the continues-time model of (2) using the ZOH

method, the discrete-time model of the HAPF system yields as

i(z) _B(2) _ bz'+bz+h
Gplant(z) = = =3 2
Vconv(z) A(Z) 4 _alz +alz_1
al, T + L, sin(aTy)
- . a, =2c0s(aT,)+1
aL (L +L.) a, = 2cos(aTg) + . ()
., al; T cos(aTs) + L, sin(aTy)

b, =-2 , a= Litle
al; (L +L;) \/'—TLPCP

As can be seen in (4), there are three independent parameters
in the discrete-time transfer function. To have an accurate
estimation of these parameters and design the controller, the
system should be identified online. The identified parameters
depend on the values of the PPF inductor and capacitor, the APF
output inductor and Ts. Any changes in these three system
elements and the sampling period must directly reflect in the
discrete-time model. Then, the designed controller can stabilize
the system and track the reference waveform perfectly. The
difference equation of (4) is

(ia(k) =ik =3))=a, (i, (k-1 —i,(k-2))
ia(k) . (5)
+b, (anv(k -D+v,,, (k —3))+ bV, (K—2)

Therefore, the identification regression vector can be written
as

(s) 2)

b,

conv
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Fig. 1. Single-tuned single-phase shunt improved HAPF structure.
(in(k-D)~i,(k-2))
(p(k) = (Vconv (k _1) + Vconv (k _3)) (6)
vconv (k - 2)
and the identification parameters are
I 0=[a b b. @

The RLS estimation algorithm for the system identification
is then written as

0(K) = 0k 1)+ K (k) (F, (k) - 9" ()O(k 1))

K(K) = P(k~D(k) (21 +¢" ()P(k-D(k)) @®)
PK) =(1 -KK)¢' (k))P(k-1)/4

where 1 is the forgetting factor of the algorithm. This algorithm
ensures that the values of system parameters are continually
updated while the recent data have more weight than the old
data [27]. So, one can write

1 (k) =8 (k=1)x (i, (k -1)

ak)] [ak-1 )
tjl(k) - E)l(k ~1) [+K(K) (Voo (K =D +V,,, (k= 3))

b, (k) b, (k 1) X

_b2 (k-1) XVeony (k-2)
_ P(k -De(k)
k(= A+¢" (K)P(k-Dp(K) o
i (k-0 —-i,(k-2) T
P =| 1= K (k) Vi (k=D 1 (-3 | [2ED
Vconv (k - 2)

The system online identification algorithm is depicted in Fig.
2.

I1l. INDIRECT STC DESIGN

Figure 3 shows the system structure with the proposed
indirect STC. In this technique, the system parameters are first
estimated online, as detailed before. Then, the S, T and C
parameters of the controller are designed and finally, the control

estrictions apply.

ublications_standards/publications/rights/index.html for more information.



0885-8977 (c) 2021 IEEE. Personal use is permitted, but r

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2021.3115661, IEEE

Transactions on Power Delivery

Calc.
PK) |PX|calc.|oK)

Calc. | #() | Calc. |K(K) N
— (k)

oK) »| K(K)

Initial
Conditions:
P@)

P-1) [ile
z

ok-D) [,
[z

Fig. 2. System online identification algorithm.

Desired Ir Model Paramters |
Specification | l l I
|
I | Controller Parameters
I Design Identification ||
I Controller | ———————
: Parameters | Plant
2 |
Reference > Input Voltage
Controller P e gl > | >
Output |
Current] L — — — — — — — — — — — a

Fig. 3. System structure with proposed indirect STC.

. + .
invet (| 5 Gty PWM>{ Gyt 1> 14 (K)
S(2)
C(@)
Fig. 4. Closed-loop current control diagram.
Gp= % Gesired = ?\—:

Selecting
desired
system

pokes

Plant
online
identification

TN— An(2) =2+ a2+ ol +ams
0'(K)=[as by by] Aol2) =2 +a0iz+20r

~~ <r

Calculating S(z), T(z), C(z) polynomials

<>

Applying the modified control law
g

system law is applied. The closed-loop controller diagram is
shown in Fig. 4. The STC design characteristics are the desired
closed-loop model which is obtained by MDDP and desired
observer polynomial [27]. A systematic design procedure of the
STC parameters is presented in this section. According to Fig.
3 and the STC theory, one can write

. BT .

W)= rms e (-
where B and A are numerator and denominator of the plant
model, respectively. The denominator of (10), i.e. (D.=AC+BS)
implies that the desired closed-loop characteristics are
determined by C and S polynomials. The nominator of (10) has
an important role in reference tracking. Also, the dynamics of

Fig. 5. Overall design steps flowchart.

(10)
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the desired system response to the reference changes is
. B, .
(k)= _A)z\n b ger (K)

where B, Am, Ao are numerator, denominator, and observer of
the desired discrete-time model, respectively. Equations (10)
and (11) show that the command signal of the closed-loop
system will be tracked if BT=Bn. The B polynomial relates to
the plant, while T polynomial is a design parameter and should
be determined to ensure accurate tracking of the reference
signal. The denominator of (10) specifies the closed-loop poles
of the system. The denominator of the desired discrete-time
model is assumed as
ATI(Z) = 23 +am122 +am22+am3 (12)
where ami=-(z1 + 22 + 23), am2=(2122 + 2123 + 2,73), amz=-212»23 and
71, 2z and z3 are the desired places of the system poles. The ITAE
can be used to specify the dynamic response of the suggested
system with relatively small overshoot and little oscillations.
The optimum coefficients of the third-order system according
to the ITAE criterion are [28]
D(s) =s® +1.75¢,5% +2.150/s + @; (13)
where wy is the natural frequency and is inversely proportional
to the rise time of the system step response and must be chosen
enough below the switching (sampling) frequency to prevent
the switching noises from penetrating the controller. A tradeoff
between fast dynamic performance and switching noise
immunity can be achieved by setting wn equal to 10% of the
sampling frequency (fs). Then, the three poles in the s-domain
are transformed into the z-domain by the transformation z=e*'™.
The nominator polynomial of the desired discrete-time
model is calculated as

B"(z) =1

B (z) =bz* +b,z+b

B’ (2) = A, (1) S0e0(B") _ l+a, +a,, +ay,
" B~ (1) 2b, +b,

l+a,+a,+a
B z :B*B! — ml m2 m3 ZZ+bZ+
n(0)=B B = (b bty
The degree of the desired closed-loop polynomial is obtained
as 5. So, the degree of the desired observer polynomial is 2 and
its polynomial is

(11

(14)

A)(Z) = Zz + aolz +a02 (15)
According to [27], the C, S and T polynomials are

C(2)=2"+cz+¢, (16)

S(z) =s,2° +8,2+8, (17)

B l+a,+a,+a,,

T(2)=B,(2)A(2) = % +b

To calculate the STC parameters, the Diophantine equation
should be solved as

AC+BS=AA

that results in

(7 +ayz+a,). (8)

(19)
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Fig. 6. Root locus of the desired closed-loop system.
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Therefore, first, the AB polynomials of the discretized plant
are identified by the RLS technique (equation (4)). Then, the
STC parameters are determined from (20). Finally, the
following law will be applied to obtain the PWM control signal
[27]:

Cu(k) =Ti, (k)= Si, (k) (21)
Therefore
u(k) =—cu(k =1) —c,u(k = 2) +t5i, o (K) +ti, o (K1)
i, (= 2) =551, (K) 84, (k-1 - ,i, (k-2) #2)
where
t b I+ag+a, +an
““a, a,  2+h, (23)

To reject the grid voltage disturbances, the grid voltage at
the PCC is measured and the control input is corrected
accordingly as

{x(k +1) = A, x(k) + B,u(k) + By, Vs (k)

(k) ='(k) - B; By, (K) =
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where u'(k) is the left-hand side of (22). Figure 5 shows the
overall design steps flowchart. Figure 6 shows the root locus of
the desired closed-loop system of (11). As can be observed, all
the closed-loop poles are inside the unit circle with the desired
damping, translating to a stable system.

IV. DESIGN CONSIDERATIONS

A. LC-Tuned Filter Design

The design of the single-tuned PPF parameters must be done
according to the nonlinear load characteristics and
compensation requirements, especially the dominant load
harmonic order and the required reactive power compensation.
The capacitor Cp is chosen according to the required reactive
power and the series connection of Cp and Lp is then tuned for
selective compensation of the major load harmonic of concern.

B. LCL Filter Design

To design the LCL output filter of the converter, many
constraints such as reactive power produced by the filter
capacitor, converter current ripple, switching harmonics
injected to the grid, total inductance of the filter, the value of
resonance frequency are considered in the literature [29]-[31].
According to a procedure developed in [32], the reactive power
of the capacitor is limited to a percentage of the nominal
converter power, x1. Also, the converter current ripple is limited
to a percentage of the nominal peak current, x, and the harmonic
currents injected to the grid, which their order is greater than 35
must be limited to a percentage of the nominal current
according to IEEE 519 standard, here denoted by xs. These
constraints are described for the suggested HAPF in (25)-(27)
where usually x1=0.025-0.05, x,=0.15-0.4, X3=0.003 and Vip,
Srated, Ipraed @Nd Vsp1max are the RMS voltage across the PPF
inductor, converter nominal power, converter nominal peak
current and the maximum value of harmonic components at the
first switching sideband, respectively.

(2” fICAVLZP ) < Xlsrated (25)

. V, T
(All,max = 8d|_|s ] < XZIP,rated

(IA,sbl,max = GiA—vmnv,HFVsbl,max ) < X3 I P, rated (27)

It has been confirmed that the system will be stable in
presence of digital delay if the resonance frequency lies in the
range fs/6<fres<fs/2 [32]-[34]. Considering the effects of the
LCL filter capacitor (Ca) and the grid impedance (Ls) in (1), the
transfer function of the converter voltage to the APF current can
be calculated as

i, (s L, +L)C.s° +1
Gplam(s)= A() =( P S) P
VCOnv (S) D]_ (S)
D,(s) = (LI (LL, +L,L + L, L)C,C, )35 +
((Ly+ L)L Cu+(L, +Ly)LCy + (L, +L, +L:)LCp )
+(L, +L,+Lp)s

Figure 7 shows the Bode diagram of (28). This figure shows

one trap whose frequency is related to the PPF parameters and

(26)

. (28)

estrictions apply.

ublications/rights/index.html for more information.



0885-8977 (c) 2021 IEEE. Personal use is permitted, but r

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2021.3115661, IEEE

Transactions on Power Delivery

Bode Diagram

0f PR

-50 1

-100

Ls=0
Ls=0.2mH |-
Ls=0.8mH
Ls=2mH |-

Magnitude (dB)

-150

=200 +

Phase (deg)

10" ‘ 10? ‘ %01
Frequency (Hz)
Fig. 8. Bode diagram of the open-loop current control system for different
values of Ls (grid impedance).

TABLE |

System Parameters
Parameter Symbol Value
Grid voltage (RMS) Vs 230 Vrms
Grid frequency f 50 Hz
Converter nominal power Srated 0.5 kVA
DC-link voltage Ve 150 V
PPF capacitor Ce 100 uF
PPF inductor Le 11.2mH
LCL grid-side inductor La 0.75mH
LCL inverter-side inductor L 0.75 mH
LCL capacitor Ca 5 uF
Switching/sampling frequency foulfs 8/16 kHz
Nonlinear load DC-side RC R/IC 10 /2200 pF

Converter

LCL
Filter

Fig. 9. Experimental setup.

two other resonance peaks, which are due to the LCL filter. In
this condition, Gpiant(S) is unstable; because the magnitude
characteristic is greater than zero when the phase diagram
crosses -180° at the second resonance frequency. Also, the first
resonance frequency does not affect the stability of Gpjant(S).
The possible range of change of resonance frequencies due
to the grid impedance can be obtained by subtitling Ls=0 and
Ls=co into conjugate poles of Di(s). Because the first resonance
frequency does not affect the stability of the system, the
following two constraints for the second resonance frequency
are calculated.
2
ﬂij
6

L +L,+L, >(2

L(L+L)C, (29)
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1 LC+LC LG,
2L,C, 2L,L.C,C,

f 2
2 s
(_(LA +L)LCy+(Ly+ L )LPCP) S (Zﬂ?j . (30)
+LiLC,C,
2L,L,L.C,C,
So, the final value of LCL parameters can be designed in the

following way: first, the capacitor value should meet both
following practical and stability constraints:

< VdcTS +8X2 I P, rated (LA + LP) (31)

2 <
VdcTS (LA + LP)a)rflin
where wmin equals 2n(fs/6). The second constraint is obtained

by substituting L, from (26) into (29). Then, the value of the
converter-side inductor is calculated as

1
I‘I = 2 .
C,o,

min

(32)

It should be noticed that the allowable current ripple for L, is
considered in the calculation of Ca. Finally, the grid-side
inductor should meet the below constraint

Vv

shl,max

(33)

L e
A 3 -
L Ca: %515 ot

C. APF Reference Current Generation

To generate the reference current of the APF, first, the load
harmonic components must be extracted. The load current
harmonics are extracted by using the successful multi-second
order generalized integrator (MSOGI) technique. This is a well-
documented technique that has already been proved to be a
superior solution for precise extraction of the harmonic
components of a voltage or current waveform [6], [35]-[36]. In
this technique, the in-phase (o-axis) harmonic components to
be compensated by the HAPF are extracted individually and the
sum of these components forms the reference current of the
HAPF. With the APF in the circuit, the APF reference current
is calculated by subtracting the measured PPF inductor current
from the HAPF reference current.

D. Stability Evaluation

The diagram of the proposed current control is depicted in
Fig. 4, where Ggeiay(z) = 7™ represents the digital control delay
(Tq is the total control system delay and is assumed as 1.5Ts for
a double-updated PWM modulator), PWM modulator is
considered as a unity gain and Gpiant(z) is the plant discretized
model. According to Fig. 4, the closed-loop current control
transfer function is calculated as

i T(2)G,,. (2)G,..(z
Hclosed (Z): . IA(k) = ( ) deIaY( ) plant( ) 34)
IA,ref (k +1) C(Z) + S(Z)Gdelay (Z)Gplant (Z)
If the digital delay is ignored and Gpiani(z) is simply
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Fig. 11. Steady-state performance of single-phase HAPF (a) simulation (b)
experiment: grid current (50A/div) (17.6Ams), load current (50A/div)
(17.2Ams), PPF inductor current (20A/div) (9.2Ams) and APF injected current
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Fig. 12. Steady-state experimental harmonic spectrums of the grid current: (a)
before, and (b) after HAPF compensation.
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o

considered as (4), equation (34) will be equal to (10)/(11) and
the control system will be stable with desired characteristics.
Figure 8 shows the open-loop Bode diagram of the HAPF
current control system (34) for different values of grid
impedance. When Ls increases from 0 to 2mH, the resonance
frequencies slightly decrease. In these conditions, the overall
control system with considering digital delay is stable without
any extra passive or active damping techniques. An inherent
delay-based damping method in this paper ensures that the
phase lies between -180° and -540° at the second resonance
frequency (where the amplitude may be greater than zero). In
addition, the proposed current control system damps the first
and the second resonances, appropriately.

V. PERFORMANCE EVALUATION

Simulations are done in MATLAB/Simulink environment.
The system parameters are listed in Table I. A laboratory setup
is also built, which is shown in Fig. 9. The nonlinear load
consists of a single-phase diode rectifier feeding a resistor in
parallel with a capacitor. The presence of the grid impedance
results in the grid voltage distortions at the PCC. The HAPF
identified parameters are shown in Fig. 10. As can be observed,
the filter parameters are estimated quickly and accurately. The
steady-state simulated and experimental performance of the
single-phase shunt HAPF is shown in Fig. 11 that are in good
accordance and demonstrate the effectiveness of the proposed
control technique. The HAPF operation causes the grid current
to become a high-quality sinusoidal waveform with THD =
4.8% (in the experiments), while the load current THD is 41%.
Figures 12(a) and (b) show the harmonic spectrums of the grid
current, before and after HPAF compensation, respectively. If
the PPF is only connected to the grid, the grid current THD is
33% and the grid harmonic spectrum is shown in Fig. 13. As
can be seen in this figure, the single-tuned PPF could not
eliminate the 3rd harmonic component as it was expected under
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Fig. 18. Transient performance of single-phase HAPF in response to load step
change in experiment (a) load increase (b) load decrease: grid current
(100A/div), load current (100A/div), PPF inductor current (20A/div) and APF
injected current (20A/div).

Proposed method Improved deadbeat method [6], [12]

4.6

—a—PPF capacitor (C,) —a—PPF capacitor (C

X)
—a—PPF inductor (L)

>
>
S

—a—PPF inductor (L)

a

—m— APF output inductors (L.

T) —m—APF output inductors (LT) 1

>
N

Source current THD (%)
w
- »
S NN W oW
> o o &

©
o
Source current THD (%)

w
S
e o

0 80 90 100 110 120 130 0 80 20 100 110 120 130
Percentage of nominal value (%) Percentage of nominal value (%)

(@) (b)
Proportional-resonant method [5], [10], [19] Proportional method [7]-[9]

N
o

—s— PPF capacitor (C;)
—a—PPF inductor (L)

—=— APF output inductors (L;) /

—s=—PPF capacitor (C,)
—a—PPF inductor (L)

=m= APF output inductors (L.

N
o
@

o

5

o

o N &

Source current THD (%)
B

Source current THD (%)

4o @

5
70 80 90 100 110 120 130 0 80 20 100 110 120 130
Percentage of nominal value (%) Percentage of nominal value (%)

© (@
Fig. 19. Effect of HAPF parameters changes on source current THD: (a)
proposed method, (b) improved deadbeat method [6], [12], (c) PR method [5],
[10], [19], and (d) proportional method [7]-[9].

an ideal grid condition and the grid current THD is just slightly
decreased from 41% to 33%. The grid voltage, current and DC-
link voltage waveforms are shown together in Fig. 14. The
peak-to-peak ripple of the DC-link voltage is below 2%. It
should be emphasized that the DC-link voltage of the APF is
readily kept fixed at the desired level by using a Pl controller.
The output signal of the Pl controller is multiplied by the
fundamental component of the grid voltage and is added to the
APF reference current. Furthermore, the proposed scheme is
compared to a single-phase traditional APF from different
aspects. The DC-link voltage of the APF is practically selected

in the range of 380V-400V. However, with the proposed HAPF
structure, the fundamental component of the grid voltage drops
across the PPF capacitor and the APF DC voltage requirement
decreases significantly. Accordingly, it is set at 150V in this
work. Also, due to the parallel connection of the PPF inductor
and the APF, the APF current is significantly decreased. The
RMS injected current of the APF in this study is 3.10A, but for
a single-phase conventional APF it is 6.5A (for the same
nonlinear load and the same expected compensation result).
Thus, the converter power of the proposed HAPF is 310VA,
while for the single-phase simple APF is 1800VA (almost 5-
times higher). Also, if a problem or a semiconductor switch
failure occurs, the whole harmonic compensation of the single-
phase APF is lost, while the PPF part of the proposed HAPF
still works with the level of compensation provided by the tuned
components. Also, the proposed structure offers a lower
converter current rating than the conventional HAPFs (HAPFs
with a series connection of the PPF and the APF). Therefore,
the power semiconductors’ voltage and current ratings, the filter
inductors’ currents, the core size, the output filter and DC-link
capacitors’ voltage and sensors’ ratings, heatsink dimensions,
the power circuit PCB size, etc are considerably reduced. So,
the overall cost of the proposed system is lower.

The steady-state simulated performance of the proposed
shunt HAPF for a nonlinear load that contains a higher level of
harmonics other than the 3rd component is shown in Fig. 15.
Also, Figs. 16(a) and (b) show the harmonic spectrums of the
grid current in this situation, before and after HPAF
compensation, respectively. As evident, the proposed HAPF
can effectively compensate for all harmonics and the grid
current THD is reduced from 48.7% to 2.78%.

The transient behaviour of the system in response to the APF
disconnection is studied and the results are shown in Figs. 17
(@) and (b). As can be seen, the quality of the source current is
not acceptable when only the PPF operates and its THD is
around 33%. The transient performance of the system in
response to the load step changes in experiments is also shown
in Figs. 18 (a) and (b). In these figures, the load current
increases and decreases suddenly (with a circuit breaker). As
can be seen, the APF injected current changes fast and smoothly
and the grid current quality is not adversely affected. These
waveforms imply that the APF harmonic mitigation speed is
fast such that the tracking error settles in less than half a
fundamental cycle.

Finally, to analyze the performance of the proposed
controller in the presence of model parameters uncertainties, the
effect of the parameters changes on the source current THD is
studied and the results for the proposed method and three
different successful current controllers are depicted in Fig. 19.
As can be seen in Fig. 19 (a), even with a wide range of
mismatches in the HAPF parameters (PPF capacitor and
inductor and APF output inductors) the performance of the
suggested controller is still acceptable and the source current
THD remains within the standard range. The proposed
controller adaptively changes the control gains by correcting
the filter parameters. As can be seen in Figs. 19 (b), (c) and (d),
when HAPF parameters change, the performance of the other

0885-8977 (c) 2021 IEEE. Personal use is permitted, but regublication/redistribution requires IEEE permission. See http://www.ieeeorgg)ublicationsﬁstandards/']:gublications/ri hts/index.html for more information.
Authorized licensed use limited to: SWANSEA UNIVERSITY. Downloaded on September 28,2021 at 08:00:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2021.3115661, IEEE

Transactions on Power Delivery

TABLE Il
Comparison among different current controllers
Criterion Grid Current  Control Performance
current  tracking run under
Current THD error time parameters Disadvantages
Controller (%) (%) (ns) changes
- high current
[7]F_'[g] 75%  98% 015  Medium  "ckingeror
transients
PR - slow response
[5], [10], 6% 5.9% 15 Weak - sensitive to
[19] frequency changes
- very sensitive to
Improved system parameters
Deadbeat 5.4% 4.5% 0.85 Very weak - low stability
[6], [12] region for the
controller gain
Proposed 5700 530 56  Excellent - relatively
method complex
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current controllers degrades significantly and their parameters
should be modified accordingly.

Table 1l compares the proposed current control technique
with three different current controllers. The grid current THDs
in this table are obtained for the single-phase nonlinear load
depicted at the beginning of this section. As can be seen, the
performance of the proposed controller, current tracking error
and its grid current THD are all better than the other control
techniques. Although, the control code execution time for the
proposed method is higher than the other techniques, however
this time is less than 10% of the sampling period. So, the
proposed technique can be easily implemented on a medium-
performance floating-point digital signal controller.

VI. CONCLUSION

This paper proposed an adaptive STC technique for the
current tracking of an LCL-filtered LC-tuned single-phase
shunt HAPF. The proposed digital technique offers ease of
implementation and excellent steady-state and transient
performance that is not affected by the parameters’ mismatches.
The system parameters are identified online and a systematic
design procedure for the STC parameters is proposed
accordingly. Also, improved formula for the adaptive control
law is suggested, which ensures proper rejection of grid voltage
disturbances. Then, the HAPF parameters design is described
considering the LCL filter stability requirements and the overall
closed-loop control stability in the discrete domain is discussed
considering the digital control delay. The effectiveness of the
suggested control technique is confirmed through simulation
and experimental tests. Furthermore, a comprehensive
comparison between the proposed method and three other ones
is provided to show the superiority of the proposed technique in
different aspects.
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