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Kalman Filter-Based Super-Twisting Sliding Mode
Control of Shunt Active Power Filter for Electric

Vehicle Charging Station Applications
Doğan Çelik, Hafiz Ahmed, Senior Member, IEEE, and Mehmet Emin Meral

Abstract—Electric vehicle (EV) charging stations draw nonlin-
ear currents, which makes the distribution network unbalanced,
distorted, and results in power quality (PQ) issues. These PQ is-
sues are mitigated in this work through high-performance control
of the shunt active power filter (SAPF). In the proposed method,
a linear Kalman filter (LKF) has been applied to grid voltage
and load current signals for harmonic and disturbance robust
estimation purpose. Unlike the conventionally used orthogonal
vector model, in this work, phase angle vector model together
with a simple to tune phase-locked loop (PLL) has been consid-
ered for the LKF implementation. DC-link voltage regulation and
charging of the DC-link capacitor has been obtained by proposing
a Luenberger observer-based super twisting sliding mode control
(ST-SMC), which has fast dynamic response and lower voltage
ripples compared to similar other existing control methods. This
results in significant reduction in size, cost and loss together
with lifetime enhancement of the DC-link capacitor. Rigorous
sensitivity analysis is conducted to analyze the robustness of the
developed method. The proposed control technique achieves fast
response time and satisfy the harmonic requirements as specified
in the IEEE Std. 519 under various grid and load disturbances.
Comparative quasi-real time validation results are presented by
using digital signal processor (DSP) based processor-in-the-loop
(PIL) with another recently proposed control strategy to verify
the performance enhancement by the developed method.

Index Terms—Power Quality; EV Charging; Shunt Active
Power Filter.

NOMENCLATURE

DSP Digital Signal Processor
DROGI Dual Reduced-Order Generalized Integrator
EV Electric Vehicle
FIR Finite Impulse Response
FFPS Fundamental Frequency Positive Sequence
LKF Linear Kalman Filter
MPC Model Predictive Control
MCCF Multiple Complex Coefficient Filter
NLLs Nonlinear Loads
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PLL Phase-Locked Loop
PCC Point of Common Coupling
PQ Power Quality
PIL Processor-in-the-Loop
PID Proportional Integral Derivative
PI Proportional-Integral
STF Self-Tuning Filter
SAPF Shunt Active Power Filter
ST-SMC Super-Twisting Sliding Mode Control
TOSI Third-Order Sinusoidal Integrator
THD Total Harmonic Distortion
UNLLs Unbalanced NLLs
V2G Vehicle to Grid
+ and - Positive and Negative Sequence, Respectively
ω Grid Frequency
V Voltage Amplitude
Ts Sampling Time
n Sampling instants
ζ State Vector
P Covariance Matrix
K Kalman Gain Matrix
P ⋆ Reference Active Power
Pl Load Power
σ Sliding Surface
α and β Tuning Gains
vdc DC-link voltage
ILa, ILb, ILc Load Phase Currents
vLL Line to Line PCC Voltage
m Modulation Index
a Overloading Factor
Is Supply Phase Current
Vph Supply Phase Voltage
fs Switching Frequency
c DC-link capacitor
Q and R Process and Measurement Noise Matrix
A and C State and Output Matrix

I. INTRODUCTION

The rapidly growing integration of electric vehicle (EV)
charger and charging stations in the distribution grid have
resulted in a serious concern on power/current quality of the
system. EVs battery charging units create destructive effects
on the harmonic levels of the power distribution system,
voltage profile, power demand and transformer power loss.
The increasing distorted current and voltage waveforms result
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in heating and losses, affect the lifetime of distribution and
instrument transformers and lead to failure of the sensitive
electrical equipment. Therefore, it is essential to reduce the
possible impact of EV battery charging on distribution power
systems [1]–[3]. The power sources of the EVs and plug-
in hybrid EVs (PHEVs) are completely or partly supplied
from the public power line or on-board chargers, which is
fundamentally AC/DC converter. To mitigate the negative
effects caused by these AC/DC converters, application of shunt
active power filter (SAPF) is suggested in the literature [4],
[5]. SAPF coupled with high-performance control system has
the potential to lower the total harmonic distortion (THD) of
the grid voltages and currents. This motivated us to consider
the present study where efficient control of SAPF is studied
to facilitate large-scale integration of EV charging stations
without compromising the power quality (PQ) issues at the
distribution network.

Owing to the importance of SAPF on improving the PQ
issues at the distribution network, several control methods are
proposed in the literature. Traditionally, SAPF is controlled
by controlling the current itself. Any control method for
SAPF has typically two parts, namely the reference current
generation method and the current controller itself. In [6],
for the reference current, a frequency non-adaptive low-pass
filter (LPF) approach is considered. LPF makes the system
slowly responsive. Moreover, since no frequency adaptation is
considered, it can make the performance degrade when the grid
undergoes large variation. A proportional-integral (PI) control
solution has been proposed for SAPF in [7], where LPFs are
used to generate harmonic robust current references. However,
the filters are tuned for fundamental frequency operation,
which makes the method sub-optimal in the case of grid
frequency variation. Moreover, no details are given about the
considered phase-locked loop (PLL). PLL tuning plays a big
role in weak grid operation of the SAPF. PI controller with
parallel harmonic compensation method has been proposed in
[8]. This kind of method can be computationally expensive due
to the use of numerous parallel harmonic compensation blocks.
Moreover, discretization of these blocks can be problematic
and may cause numerical issues.

A self-tuning filter (STF) as the reference current generator
for SAPF is proposed in [9]. A key limitation of this approach
is that the reference generator is not grid frequency-adaptive,
thereby, making it vulnerable to fluctuations in the grid fre-
quency. Authors in [10] proposed a modified hysteresis control
strategy, however, no validation in the case of unbalanced
grid voltages can be found. This can be limited in practice
as distributions grid always have some degree of unbalance.
In [11], H∞ control strategy has been proposed for SAPF.
A key limitation of this approach is the selection of weight-
ing functions which requires careful iteration procedures as
highlighted in [11]. In [12], an optimization-based approach
has been presented to use EV as APF from the power
system view point. In [13], PI with feed forward of the grid
frequency has been used for controlling the APF. The use of
inductor value directly in the feed forward makes this method
vulnerable to parameter variation, which is often inevitable
due to aging and degradation of the filter inductor. In [14],

a dual second-order generalized integrator (DSOGI) has been
used to improve the power quality of synchronous genera-
tor using APF. In this method, multiple parallel harmonic
compensators are used for the reference current generation
which increases the computational complexity. To address
the grid voltage unbalance and harmonics, a dual third-order
sinusoidal integrator (TOSI) is used as the reference generator
in [15]. Despite being harmonic robust, the use of PI-type loop
filter can slow down the convergence speed for the reference
current generation method. Repetitive control method has been
applied to SAPF in [16]. However, the results in [16] can not
handle unbalanced grid voltage, which limits it’s application in
practice. A dual reduced-order generalized integrator (DROGI)
has been applied in [17]. It uses PI controller for the DC-link
voltage regulation which is slowly responsive. This has been
tackled by the backstepping method in [18] which requires
an estimate of the approximate switching loss. Although this
method is robust, however, speeding up the convergence time
is not straightforward. As an alternative to PI, fuzzy logic has
been considered in [19].

In [20], a sliding mode power control strategy has been
developed for SAPF, however, the reference power was gener-
ated using a proportional-integral (PI) controller which suffers
from the slow dynamic response. Moreover, a conventional
phase-locked loop (PLL) is used as the reference current
generator which is not able to provide a satisfactory response
in the presence of voltage unbalance. In [21], authors have
proposed multiple complex coefficient filter (MCCF)-based
PI control of DC-link voltage regulation in SAPF. Similar to
several other results, MCCF in [21] is also not frequency-
adaptive which limits its application in variable frequency
environment. To compensate for the sampling period delay, a
finite impulse response (FIR) prediction filter together with the
PI DC-link voltage regulation method for SAPF is proposed in
[22]. Indirect DC-link voltage control using fuzzy logic tuned
proportional-integral-derivative (PID) controller is proposed in
[23]. In addition to the implementation complexity of fuzzy-
PID (FPID) control, a LPF is also required to filter the
measured DC-link voltage which can slow down the dynamic
behavior of the resulting control system. Model predictive
control (MPC) is another approach that became very popular
in recent times. In [24], authors have applied MPC to SAPF.
Although the switching pulses of the inverter are generated
by the MPC technique, however, the DC-link voltage regu-
lation was done by a PI controller. Moreover, MPC can be
sensitive to system parameters variation. In [25], second-order
sinusoidal integrator is coupled with frequency-adaptive comb
filter to control SAPF. In a variable frequency environment,
a frequency-adaptive comb filter is computationally expensive
to implement as it requires fractional delay. A comparative
assessment of sequence extraction methods can be found in
[26].

To address the issues highlighted in the literature review,
a high-performance control strategy has been conceived for
SAPF that operates as a harmonic compensation device to
mitigate the negative impacts caused by the utility grid-
interfaced EV charging stations. The conceived strategy per-
forms within the harmonic regulatory limit specified through
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IEEE std. 519-2014. The performance has been tested under
grid side disturbances (e.g. unbalanced and distorted) as well
as load side disturbances such as under highly inductive
nonlinear loads (NLLs) and unbalanced NLLs (UNLLs). The
proposed controller is developed in two steps. At first, a linear
Kalman filter (LKF) has been applied to grid voltage and load
current signals for harmonic and disturbance robust estima-
tion purpose. The estimated quantities are used to calculate
the reference currents. In the second part, a super-twisting
sliding mode controller (ST-SMC) is developed for fast and
robust regulation of the DC-link voltage which is then used
to generate the reference power for the current controllers.
The proposed method is extensively tested and compared
with another recent technique [17] from the literature. In
addition, a qualitative comparison with the wider literature
is also presented. Extensive DSP based PIL quasi real-time
results indicate the proposed control method is very effective
in suppressing harmonics and can ensure balanced currents
irrespective of the disturbances presented in the grid. Key
features of the proposed work are:

• Frequency-adaptive sequence components separation of
grid voltage and load current signals by the LKF with
excellent noise and harmonics robustness property.

• Luenberger observer-based ST-SMC controller develop-
ment for fast and accurate regulation of DC- link voltage
with very low ripple.

• Software-based DC-Link voltage ripple reduction without
increasing the hardware rating, thereby increasing the
lifetime and reducing the cost.

• Very low THD achieved in the source current resulting
in distribution system efficiency enhancement.

• Achieved balanced source currents irrespective of grid
voltage conditions resulting in the efficient operation of
the power grid.

• Sensitivity analysis of the developed system has been
derived with respect to system parameters filter inductor
and DC-link capacitor.

• Robustness of the developed control system has been
investigated subject to uncertainties in system parameters.

In short, this work proposed a high-performance control algo-
rithm for the SAPF used in EV charging station. As opposed
to recently proposed control methods in the literature, the pro-
posed controller ensures fast dynamic response with enhanced
steady-state performance in terms of significant reduction in
the DC-link capacitor voltage. It provides an easy to imple-
ment solution that can significantly reduce the THD resulting
in efficiency improvement of the distribution system. It can
seamlessly handle grid and load side disturbances such voltage
sag, unbalance, and/or harmonic distortion. and improves the
efficiency of distribution system. The first key novelty of this
work is the development of Luenberger observer-based ST-
SMC for maintaining constant voltage at the SAPF’s DC-link.
Second novelty use the development of LKF based filtering
of grid voltage and load currents using phase angle vector
model. Coupled with a fast and easy to tune PLL, this approach
contributed to harmonically robust generation of reference
currents. Another key focus of this work is to couple SAPF

with bidirectional DC-DC converter to charge the EV battery
packs, which made the proposed system multi-functional.

This paper is organized as: Details of the LKF based
sequence components separation process is given in Sec.
II, Luenberger observer-based ST-SMC control method for
the DC-Link voltage regulation together with components
selection for the SAPF are given in Sec. III. Comparative
PIL based quasi real-time results are provided in Sec. IV.
Concluding remarks can be found in Sec. V.

II. KALMAN FILTER-BASED SEQUENCE COMPONENT
SEPARATION

Kalman filter is a very popular tool in the literature for state
estimation of dynamical systems with noisy measurements. It
has a real-time implementation friendly recursive structure. It
can provide optimal estimation from inaccurate and uncertain
measurements. In the case of our application, we need to
extract the fundamental frequency positive sequence (FFPS)
component from the unbalanced three-phase grid voltage and
load current signals. Since the grid voltages and load currents
are a combination of sinusoidal signals, LKF can be used
to efficiently extract the FFPS component from the measured
noisy and potentially harmonically distorted signals. In the fol-
lowing, only the separation of grid voltages FFPS components
are discussed. Separation of load currents can be done in the
same manner. As such, it will not be discussed in details for
the sake of brevity. For further development, let us consider
the stationary reference frame (α − β) model of the voltage
signals:

vα (t) = v+α (t) + v−α (t) = V + cos(θ+) + V − cos(θ−), (1)

vβ (t) = v+β (t) + v−β (t) ,

= V + cos
(
θ+ − π/2

)
− V − cos

(
θ− − π/2

)
, (2)

where the superscript + and − indicate the positive and
negative sequence components, V denote the amplitude, in-
stantaneous phases are defined by θ+ = ωt + ϕ+ and
θ− = ωt + ϕ− where the grid angular frequency is ω and
the initial phase angles are ϕ+ and ϕ−. Using trigonometric
expansion, equations (1) and (2) can be expanded as:

vα (t) = ξ1 cos(ωt) + ξ2 sin (ωt) , (3)

vβ (t) = ξ3 cos(ωt− π/2) + ξ4 sin(ωt−
π

2
), (4)

where ξ1 = V − cos(ϕ−) + V + cos(ϕ+), ξ2 =
−(V − sin(ϕ−) + V + sin(ϕ+)), ξ3 = −(V − cos(ϕ−) −
V + cos(ϕ+)), and ξ4 = V − sin(ϕ−) − V + sin(ϕ+). From
equations (3) and (4), let us consider the state vector as
ξ =

[
ξ1 ξ2 ξ3 ξ4

]T
. With respect to ξ, the dynamic

model of Clarke transformed grid voltages is given by:

ξ̇ = Aξ, (5)
yξ = Cξ, (6)

where yξ = [vα(t); vβ(t)] is the output vector, A ∈ R4×4 and
C ∈ R2×4 are the state and output matrices and given below:
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A =


1 0 0 0
−1 0 0 0
0 0 1 0
0 0 −1 0

 , C =


cos(ωt) 0
sin(ωt) 0

0 cos(ωt− π
2 )

0 sin(ωt− π
2 )


T

For recursive digital implementation, let us consider that t =
nTs, n = 0, N where sampling instant and time are denoted
by n and Ts. By applying exact-discretization to the matrices
A and C, one can obtain that A (n) = exp (ATs) ≈ I4 and

C (n) =

[
cos(ωnTs) sin(ωnTs) 0 0

0 0 cos(Ωn) sin(Ωn)

]
,

where Ωn = ωnTs− π
2 , I4 is the identity matrix of dimension

4× 4. Discrete-time model of (5) and (6) by considering the
process and measurement noises are given by:

ξ (n+ 1) = A (n) ξ (n) +ϖ (n) , (7)
yξ (n) = C (n) ξ (n) + ν (n) , (8)

where process and measurement noise ϖ(n) and ν(n)
are not correlated and zero-mean Gaussian white noise
with E

(
ϖ (n)

T
ϖ (n)

)
= Q (n) = qI4, q > 0 and

E
(
ν (n)

T
ν (n)

)
= R (n) = rI2, r > 0 being the process

and measurement noise covariance matrices of appropriate
dimensions. In developing model (7) and (8), it is assumed
that the frequency ω in the output matrix C (n) is known
for the sake of simplicity. Here, we are using a phase-locked
loop (PLL) [27] for unknown frequency estimation that is then
feedback for the output matrix calculation. For a model (7) and
(8), the recursive implementation of the conventional Kalman
filter by taking into account the special property of the state
transition matrix is given below:

ξ̂ (n|n− 1) = ξ̂ (n− 1|n− 1) , (9)
P (n|n− 1) = P (n− 1|n− 1) +Q (n) , (10)

K (n) = z(n)
(
Ĉ (n)P (n|n− 1) ĈT (n) +R (n)

)−1

, (11)

ξ̂ (n|n) = ξ̂ (n|n− 1)+

K (n)
(
yξ (n)− Ĉ (n) ξ̂ (n|n− 1)

)
, (12)

P (n|n) =
(
I4 −K (n) Ĉ (n)

)
P (n|n− 1) , (13)

where z(n) = P(n|n − 1)ĈT (n), ˆ specifies the estimated
quantity, n is the discrete-time index, a priori and post priori
estimates are denoted by n|n−1 and n|n, covariance matrix is
denoted by P with P (0) = pI4, p > 0, and K ∈ R2×4 is the
Kalman gain matrix. From the estimated states ξ̂, fundamental
frequency positive sequence DC components can be estimated
as:

ξ̂+s = −1

2

(
ξ̂2 + ξ̂4

)
= V̂ + sin

(
ϕ̂+

)
, (14)

ξ̂+c =
1

2

(
ξ̂1 + ξ̂3

)
= V̂ + cos

(
ϕ̂+

)
. (15)

Then, from the estimated signals (14) and (15), grid parameters
can be estimated as:

Figure 1. Schematic of (a) smart loads and EV charging station with the
compensator installation and (b) the SAPF system under study.

ϕ̂+ = atan2
(
ξ̂+s , ξ̂

+
c

)
, (16)

V̂ + =

√(
ξ̂+s

)2

+
(
ξ̂+c

)2

. (17)

The detected phase angle can be used for PLL implementation
[27]. From the PLL, the instantaneous phase can be estimated
as:

θ̂+ = ω̂t+ ϕ̂+. (18)

Using the estimated instantaneous phase and the amplitude,
the positive sequence component can be estimated as:

v̂+α (t) = V̂ + cos
(
θ̂+

)
, (19)

v̂+β (t) = V̂ − sin
(
θ̂+

)
. (20)

III. PROPOSED CONTROL STRATEGY FOR POWER
QUALITY IMPROVEMENT

An overview of the considered system is given in Fig.
1. Control algorithm decides the appropriate compensation
current generation by the SAPF so that the current drawn for
the grid has low THD satisfying the appropriate standards.
The proposed control strategy is made of DC-link voltage
control and the calculation of reference current. Once the
reference current is generated, conventional current controllers
will be used to generate the PWM signals for SAPF. Details
of the considered system and the developed control technique
together with the selection of the system parameters are
provided in this Section.

A. Details of the Considered EV Charging Station

Fig. 1 shows the considered EV charging station, which is
linked to the point of common coupling (PCC) between the
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power grid and the electrical installation loads (linear loads
and NNLs). The grid connected EV charging station includes
a control unit, DC-link capacitor, bidirectional DC-DC and
DC-AC converters. The EV charger has a front-end DC/AC
converter that connects to the back-end DC/DC converter
through a DC-link capacitor. The EV charger is integrated
to the electric grid through a passive filter (Lf and Cf ) at
the front-end while it is tied with EV batteries at the back-
end. The EV battery charger takes power from the grid and
charges the on-board EV battery pack. Besides, bidirectional
chargers can fulfill vehicle to grid (V2G) operation and other
grid supporting features such as reactive compensation and
harmonic compensation as well as EV battery charging. An
EV charger can work as a multi-functional APF to mitigate
the harmonics and handle the voltage disturbances as a result
of motor startup or inductive loads and NNLs at the local
network. The DC/AC converters or SAPF ensuring the power
flows between grid, load and EVs are commonly designed
to deal with the PQ problems and support the grid. The EV
motor driver is made with a three-phase inverter, as induction
or permanent magnet synchronous motors are often used
for EVs. In this regard, the three-phase inverter of the EV
powertrain can be adapted to the application of an APF. A
potential area for the implementation of SAPF in residential
and commercial power grids could be realized through the
use of on-board converters of the EVs, as reported in [12],
[13], [28]–[30]. In this context, intensive application of APFs
in residential and commercial facilities can be a way to
reduce PQ problems in distribution networks, reduce losses,
decrease the total harmonic distortion and reactive power flows
and increase active power transmission capacity within the
electrical feeders.

B. Observer-based Super-Twisting Sliding Mode DC-link Volt-
age Control

Maintaining the DC-link voltage at a fixed value is essential
for effective operation of the SAPF. This will contribute to
the appropriate sinusoidal current generation by the inverter.
Various losses affect the operation of the SAPF such as
switching and output filter loss. As such, constant DC-link
voltage will ensure that appropriate peak value of the reference
current can be tracked. For this purpose, sliding mode control
strategy [31]–[33] is considered in this work. To develop the
controller, let us assume that the SAPF is operating in a
well-controlled manner. Moreover, switching losses are also
ignored. Then, according to the power balance theory, one
can write that:

P ⋆ − Pl =
c

2

d

dt

(
v2dc
2

)
, (21)

where the DC-link capacitor and voltage are denoted by c and
vdc, P ⋆ is the reference active power, and Pl is the load power.
Let us consider that ζ1 = 0.5v2dc and ζ2 = Pl. Then, from eq.
(21), the following DC-link dynamical model is obtained:

ζ̇1 = 2 (P ⋆ − ζ2) /c, (22)

ζ̇2 = f (ζ, t) , (23)
yζ = ζ1, (24)

where the load power dynamics is given by the function
f (ζ, t) with ζ being the state vector containing ζ1 and ζ2
and the output is the measured DC-link voltage.

1) Super-Twisting Control: To design the DC-link voltage
regulator, let us select the following sliding surface σ:

σ = ζ⋆1 − ζ1, (25)

where the target value is denoted by ⋆. By differentiating (25),
one can obtain that:

σ̇ =
2

c
(ζ2 − P ⋆) . (26)

According to the super-twisting SMC results presented in
[31]–[33], the control signal u can be calculated as:

u = ueq + UST , (27)

where ueq is the equivalent control which is obtained by setting
σ̇ = 0 and the super-twisting part uST can be chosen as:

uST = α⌊σ⌉ 1
2 + β

∫ t

0

⌊σ⌉0dt, (28)

where the positive constants α and β are tuning gains, and
⌊·⌉η = | · |ηsign (·) , η ≥ 0. Then, by using eq. (28) and the
equivalent control signal from σ̇ = 0, the DC-link control
signal which is the reference power P ⋆ can be calculated as:

P ⋆ = ζ2 + α⌊σ⌉ 1
2 + β

∫ t

0

⌊σ⌉0dt. (29)

Control signal (29) requires the state ζ2 which is the load
power. This signal is not available in practice. As such an
estimator needs to be designed for this purpose and detailed in
Sec. III-B2. With respect to the estimated load power, control
(29) can be rewritten as:

P ⋆ = ζ̂2 + α⌊σ⌉ 1
2 + β

∫ t

0

⌊σ⌉0dt. (30)

2) Linear Observer : The designed controller requires the
estimated state ζ̂2. To develop an estimator for this, we are
considering the model (22)-(24). Let us consider that the load
is constant, resulting in f (ζ, t) equals to zero in (23). This will
simplify the estimator design. To design the linear observer,
first, let us put the model (22)-(24) into the state-space form
as given below:

ζ̇ = Aζ +Bu, (31)
yζ = Cζ, (32)

where ζ =
[
ζ1 ζ2

]T
, u = P ⋆,A = [0 − 2/c; 0 0],B =

[2/c; 0], C = [1 0]. Then, for system (31) and (32), the
following linear Luenberger observer can be designed:
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˙̂
ζ = Aζ̂ +Bu+ L (yζ − ŷζ) , (33)

ŷζ = Cζ̂, (34)

where the appropriately output error correction matrix L ∈
R2×1 ensures that the closed-loop observer error matrix
A − LC is Hurwitz, i.e., all the eigenvalues of negative real
parts. This ensures the asymptotic stability of the observer,
consequently asymptotic estimation of the states ζ1 and ζ2.

C. SAPF Circuit Parameters Selections

A small size capacitor is an admissible choice to ensure
smaller APF size, higher reliability and lower cost. The
minimum DC-link voltage is given by:

vdc,min = 2
√
2vLL/(

√
3m), (35)

where modulation index and line to line PCC voltage are
specified by m and vLL. Then, the following formula can be
used fro DC-link capacitor value calculation:

1

2
c
(
v2dc − v2dc,min

)
= 3g {Vph(aIs)tr} , (36)

where g ∈ [0.04, 1.15], supply phase current and voltages are
denoted by Is and Vph, factor of overloading is denoted by
a and DC-link voltage recovery time is tr. Filter inductance
value can be computed by:

Lf =
√
3mvdc/(12afsIcr), (37)

where acceptable percentage output current ripple is given by
Icr and power circuit switching frequency is given by fs. Base
value of the AC capacitor of SAPF is given by [34];

Cb = Pn/(ωfv
2
LL), (38)

where nominal power of SAPF is Pn and grid frequency is ωf .
From base value, filter capacitor value is calculated as Cf =
xCb where x being percentage of reactive power consumed
by the SAPF.

D. Reference Current Generation

The required compensation currents have to be achieved
accurately to deal with the PQ issues. The desired cur-
rents values are calculated through DC-link controller and
LKF based filtering of grid voltage and load currents. The
sensed load currents are extracted by the LKF to calculate
the necessary compensating current output by the SAPF.
Clarke transformation (α − β) is applied to load currents
(ILα, ILb,ILc) for further processing. Therefore, the converted
load currents (ILαandILβ) are separated into positive, negative
and harmonic sequence parts as written by:

ILα = I+Lα +

{ ∞∑
h=2

I+Lαh +

∞∑
h=1

I−Lαh

}
, (39)

ILβ = I+Lβ +

{ ∞∑
h=2

I+Lβh +

∞∑
h=1

I−Lβh

}
, (40)

where h denotes the number of harmonic components. The
compensating currents (Ifα,comp and Ifβ,comp) of the SAPF
are acquired by comparing sensed loads with the fundamental
load current components (ÎLα = I+Lα and ÎLβ = I+Lβ) as
follows:

Ifα,comp = ILα − I+Lα =

∞∑
h=2

I+Lαh +

∞∑
h=1

I−Lαh, (41)

Ifβ,comp = ILβ − I+Lβ =

∞∑
h=2

I+Lβh +

∞∑
h=1

I−Lβh, (42)

Active power can be handled by the output the Luenberger
observer based ST-SMC DC-link voltage controller (reference
active power, P ⋆) is multiplied with the sequence units of ξ̂+c
and ξ̂+s to generate active currents or called DC currents (Ifα,dc
and Ifβ,dc) as;

Ifα,dc = ξ̂+c P
⋆/

(
ξ̂+c

)2

+
(
ξ̂+s

)2

, (43)

Ifβ,dc = ξ̂+s P
⋆/

(
ξ̂+c

)2

+
(
ξ̂+s

)2

. (44)

Instantaneous active currents can be called the DC currents as
they are generated through DC-link controller. Active currents
or (DC currents) refers the three-phase currents compensated
by the SAPF. The reference active or DC currents of the SAPF
are given by using (41)-(44):

I⋆fα,dc = Ifα,comp − Ifα,dc, (45)

I⋆fβ,dc = Ifβ,comp − Ifβ,dc. (46)

In this paper, the proportional resonant (PR) controller has
been employed to provide current regulation and excellent
current tracking behavior as well as restricting the THD value.

Gc = Kip +
2Kirs

s2 + 2ζrωs+ ω2
, (47)

where Kip and Kir represent the proportional and resonant
gains, respectively. ζr is the damping factor, which can be
considered as 0.707 to provide fulfilling tracking performance
in the range of (1 ±0.01) fundamental grid frequency [35].
Estimating current errors (Ifα,e = I⋆fα,dc − Ifα) and (Ifβ,e =
I⋆fβ,dc − Ifβ) have been obtained after reference active or DC
currents and sensed currents in the output of the SAPF are
processed by the PR current controller. Switching signals of
the SAPF switches are calculated by estimating current errors
and the inverse Clarke transformation. Figure 2 shows the
diagrammatic depiction of the developed control method.

IV. RESULTS AND DISCUSSION

The developed control strategy is applied in this Section
to the SAPF considering the nonlinear load of EV charging
station applications. The proposed method is compared to the
previous study reported in [17] via DSP based PIL results.
Table I lists the considered system and control parameters.
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Figure 2. The proposed control strategy.

Table I
THE PROPOSED SYSTEM PARAMETERS.

Description Parameters Value

Grid Voltage vLL (rms) 380V

Grid Freq. ω 50Hz

Switching Freq. fs 10kHz

Sampling Time Ts 40µs

SAPF DC-Link v⋆dc, c 650V, 3300µF

SAPF Filter Lf , Cf 5mH, 16µF

LKF Q = 0.05I4,R = 0.1I2

Observer L =
[

0.1316 0.1108
]T

ST-SMC α = 80 and β = 5

A. DSP based PIL Evaluation

Validation of the control algorithm developed in this work is
considered through execution by TMS320F28335 DSP within
a PIL in PSIM platform as depicted in Fig. 3. TargetLink code
of the developed control method can also run on both the
PIL testbench and dSPACE’s PC-based simulator. While the
PIL test bench operates in semi-real time and achieves a high
degree of flexibility in designing a advanced control algorithm,
dSPACE tools can be employed for real-time simulation [36].
dSPACE Simulator can execute test automation, monitoring,
data acquisition and simulated driving cycles, but its hardware
requirements can be very expensive depending on hardware in
loop (HIL) applications. On the other hand, the PIL module

Figure 3. Performance validation setup; a) modeling power stage under PSIM
host PC, b) developing the proposed control strategy to generate code (C file)
and execute on eZdspF28335 and c) DSP based PIL experiment test platform.

provides an interface between power stages implemented and
simulated in PSIM and embedded processor. In this paper,
the PIL testbench consists of TMS320F28335 DSP that is
interfaced to PSIM environment utilizing a high-speed serial
interface unit. The PIL semi-experiment test platform includes
hardware and software co-interaction. The C-code is generated
by the digital control algorithm and it is linked and compiled
with code composed studio (CCS). After that, this code is
programmed and run on the DSP hardware, which is interfaced
to the PC with USB/JTAG communication.

At 0.225s, line to line to ground (LLG) and line to ground
(LG) grid faults with 35% voltage drop have been considered
for all experimental cases except for load change to assess
the efficacy the proposed control. Figures 4 and 5 display the
waveforms of the PCC and DC-link voltage, source and load
currents. Fig. 4 shows that the proposed control provides an
excellent improvement in harmonic rejection capability and
fast dynamic response under NLLs, load change and highly
inductive NLLs as opposed to [17]. As found in Fig. 4a, the
developed method fulfills the exigencies dedicated by IEEE-
519 harmonics standards and also has better performance in
mitigating both individual harmonic amplitudes and THD of
the source currents (cf. Fig. 6). As depicted in the middle
of Fig. 4a and 4b, the performance of both control methods
have been examined under dynamic load change. The proposed
control using ST-SMC achieves an excellent dynamic response
within 10ms under load change while the conventional control
using PI has a dynamic response of 40ms. Besides, the ripple
voltage of the DC-link by the developed technique is lower
compared to existing method [17]. Under highly inductive
NLL and during grid faults condition, the proposed control’s
DC-link voltage ripple is ∆v̂dc = 1.0V , while the DC-link
voltage ripple is ∆v̂dc = 6.43V with the conventional control
(see the right side of Fig. 4a and Fig. 4b). The proposed
control provides sinusoidal source currents with THD of nearly
2.0%, which is within the regulatory limit of IEEE Std. 519-
2014. However, the THD value of the conventional control is
higher and especially under highly inductive NLL it could
not meet the limits of the aforementioned standard. The
developed control technique achieved balanced source currents
irrespective of the grid condition, which is not the case for
conventional method when the grid is unbalanced. Unbalanced
currents can introduce currents within the neutral line and
voltage imbalance. Thus, the neutral currents induce losses
and causes extreme heating. Results show that the developed
method outperformed the conventional counterpart in all cases.

Evaluating the performance of the control strategies under
UNLL and distorted source voltages, one can notice that
the distortions of the current waveforms are higher for the
conventional control as seen in Fig. 5a. At 0.15s, the SAPF is
connected to the distorted grid with having 5th, 7th and 11th

harmonics. The THD of per-phase currents remained below
5% in value by the developed method satisfying the regulatory
limit of IEEE Std. 519-2014, the conventional control cannot
effectively suppress harmonics within the mandated limit. The
proposed control effectively compensates harmonics caused by
NLL, UNLL and distorted grid voltage. The DC-link voltage
with conventional control has larger ripples. It is obvious
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Figure 4. DSP based PIL evaluation with an NLL, load change and highly inductive NLL. (a) existing method [17] and (b) This work.

from Fig. 5b that the ST-SMC provides better performance in
the DC-link voltage ripple elimination, providing a reduction
in the size of the DC-side capacitor. In addition, balanced
sinusoidal source currents are another key features of the
developed method unlike the conventional technique.

B. Discussion and Comparison of the Developed Control and
the Wider Literature

Fig. 6 presents the current harmonic spectrum for the
proposed and conventional control strategies under various
case studies. The THD and individual harmonic components
values of phase currents are given in Figs. 4 and 5 have been
measured between 0.2s-0.3s (100ms, 5 time period for 50Hz).
The time window has been selected as it covers both steady-
state and dynamic condition, i.e., change in source and load.
This can be considered as a representative time window for
harmonic robustness analysis. It is evident that the individual
harmonic amplitudes and THD value of the source current are
significantly lower compared to the conventional counterpart.
This makes the proposed method highly suitable to reduce the
overall distortions in the grid voltage and currents, thereby
improving the power quality of the distributions grid when
highly nonlinear loads such as EV charging stations are
operational.

Table II presents a summary of the deficiencies in the
previous studies based on several important factors. The qual-
itative analysis based comparison is conducted in regards to
reference current generation, DC-link voltage control, THDs

of source currents, DC-link voltage ripples and dynamic
response. The existing studies didn’t focus much on the DC-
link voltage control and utilized typically PI or PID con-
trollers. Authors in [18] have presented a backstepping DC-
link control, that achieves fast transient response but THD
of the source currents are higher. On the other hand, various
voltage and current estimation methods such as MCCF [21],
reduced order generalized integrator (ROGI) [17], [23], comb
filter based SOGI (CF-SOGI) [25] and FIR [22] have been
addressed in the previous studies. From the quasi-real time
results, the proposed control strategy including ST-SMC DC-
link control and voltage-current signal estimation with LKF
exhibit superior performance with respect to current harmonics
mitigation and convergence speed improvement. This work has
achieved a THD level well below the IEEE-519 standard on
current harmonics compared to the existing result.

C. Sensitivity Analysis of the System Parameters

The impacts of the SAPF circuit parameters (Lf and c) in
the overall control performance can be determined by aspect
of the voltage ripple factor, power ripple and current distortion
to analyze the costing and sizing of the system and the THD
value. The variation of Lf have an impact on the current
quality [38]. The changing filter inductance can be given by;

∆L = (Lf − Ln) /Ln (48)

where Lf and Ln represent the actual and nominal filter
inductance.
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Figure 5. DSP based PIL evaluation of (a) existing method [17] and (b) this work under a UNLL and distorted grid using NLL.

Table II
PROPERTIES COMPARISON WITH THE PREVIOUS CONTROL STRATEGIES.

Method Voltage
&

Current
Estima-

tion

DC-link
control

THDs
of

source
currents

DC-link
voltage
ripples

Dynamic
response

[11] LKF H∞ Low High Slow

[17] ROGI PI High High Slow

[18] STF Backstepping High Low Fast

[21] MCCF PI High High Slow

[22] FIR PI Low High Slow

[23] ROGI FPID Low Low Slow

[25] CF-SOGI PI High High Slow

[37] SOGI PI High High Slow

Proposed LKF ST-SMC Very
Low

Very
Low

Fast

The voltage ripples in the DC-link have an impact on the
lifetime of the capacitor, switching components of the power
converters and power losses. Large DC-link capacitor can
reduce voltage ripple, but it augment the size, cost and weight
of the system. Despite not using large capacitor, the proposed
control technique can maintain constant DC-link voltage. To
charge the DC-link capacitor, an extra active power must be
absorbed by the grid to arrange the DC-link voltage. As the
real actual voltage is different from the target voltage, it causes
a difference in the energy stored in the DC-link capacitor
during the charging process. As such, storage capacitance
energy ripple (Er) can be written as [39], [40];

∆Er =
1

2
c |vdc,max|2 −

1

2
c |vdc,min|2 (49)

where the subscript min and max indicate the minimum and
the maximum value while ∆Eris the energy variation in the
energy storage capacitance. The energy storage capacitance
in the DC-link can be written with reference to the energy
variation, average and ripple voltages of the DC-link as
follows:
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Figure 6. The current harmonic spectrum of conventional and proposed
control algorithms under various cases.

c =
∆Er

vdc,avg∆v̂dc
(50)

where vdc,avg = 0.5 (|vdc,max|+ |vdc,max|) and the ripple
voltage in the DC-link is ∆v̂dc = |vdc,max| − |vdc,min| . The
ripple factor of this voltage (or utilization of the capacitor
voltage) can be represented by voltage ripple and average
voltage of the DC-link.

ηv = ∆v̂dc/vdc,avg (51)

where ηv is the voltage ripple factor. The storage capacitance
can be written by using (49), 50) and (51) as:

c =
∆Er

ηvvdc,avg

(
ηv + 2

2vdc,max

)2

(52)

As depicted in Table III, three important features such as
increasing and decreasing filter inductance and DC-link capac-
itance, and current tracking ability are considered to analyze
the robustness of the method developed in this work. Although
the filter inductance is increased or decreased by 20%, the
current THD is around 1.47%. Besides, even with a DC-
link capacitor increment and decrement of 30%, the voltage
ripple variations changes slightly. Results in Table III indicate
resilient performance by the developed method even under
large variation of the filter inductance and DC-link capacitance
values.

Table III
CURRENT THD AND VOLTAGE RIPPLES IN THE DC-LINK UNDER

DIFFERENT FILTER INDUCTOR AND DC-LINK CAPACITOR VALUES.

∆L -20% 0 +20%

THD (Isa) 1.50% 1.47% 1.46%

Current tracking ability Less affected

c -30% Nominal +30%

∆v̂dc 5.7V 4.1V 3.1V

V. CONCLUSION

With the growth of harmonics originated from by NLLs like
EV battery chargers, the SAPF is considered as an effective
solutions for the power quality improvement of operational EV
charging stations hosting distribution network. A novel control
strategy is conceived in this paper for high-performance op-
eration of the SAPF under NLL, UNLL and highly inductive
NLLs during grid voltage disturbances. The LKF with fast
and good harmonic rejection capability has been utilized to
extract load current harmonics and PCC voltages. One of
the noteworthy contributions of this paper is to regulate and
charge DC-link capacitor voltage with a Luenberger observer
based ST-SMC, which ensures a constant DC-link voltage and
contribute to generating sinusoidal source currents. Through
quasi real-time study, it has been verified that the Luenberger
observer based ST-SMC accomplishes fast dynamic response
with 10ms convergence time and minimizes voltage ripples
compared to PI control (having dynamic response of 40ms)
and some other conventional methods in the literature. The
developed control ensures very low DC-link ripple magnitude
of 1V, while the conventional control has voltage ripple magni-
tude in the DC-link of nearly 6V. The controller developed in
this work better regulates the individual harmonic amplitudes
and lowers the THD in the current waveforms (less than 5%)
as per the relevant IEEE standard. Balanced low THD (1.5%)
sinusoidal currents are obtained through the proposed strategy.
It has been found that the method developed in this work
achieves a successful performance in compensating harmonics
and ensures a fast dynamic response. The proposed control
strategy provide distinct important features as opposed to most
of the well-known conventional methods. As a future work,
full real-time validation of the proposed control method will
be considered.
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