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ABSTRACT

The crucial role of shunt active power filter (SAPF) is to compensate for reactive
power, balances unbalanced currents and counteract harmonics produced due to
non-linear loads, by injecting phase-opposed compensation current by designing
an appropriate controller. In this work, a combined controller-observer state and
disturbances estimation scheme for a SAPF is proposed. To avoid the require-
ment of full-state feedback, unknown input observers (UIO) is designed. This is
conducted in OPAL-RT OP4510 environment. Real-time simulations are used to
show how successful the suggested controller-observer architecture for SAPF is;
wherein the estimated states from the observer are fed back to the controller, and
finally, the disturbance is also estimated. UIO is designed for SAPF to deal with
nominal conditions and in the presence of sinusoidal disturbance.The OPAL-RT
results clearly show that LO introduces steady state error between the reference
input and the estimated state of SAPF in the presence of disturbances. This
steady state error is completely eliminated in presence of all disturbances using
UIO. The results also show that UIO perfectly tracks the reference input in the
presence of disturbances. Further, disturbances are also estimated perfectly with
UIO.

This is an open access article under the CC BY-SA license.

Corresponding Author:

I. E. S. Naidu
Department of Electrical, Electronics, and Communication Engineering, GITAM Deemed to be University
Visakhapatnam, India
Email: ninjarap@gitam.edu

1. INTRODUCTION
Power quality has a significant role to play in power systems. The recent inception of grids of smart

technology apprehends the significance of the quality of power. Industries incur drastic losses every year
throughout the world, as they are unable to provide quality power. The desiring factor in the power sector in-
dustry is to draw a disturbance-free sinusoidal current, which is a huge mountain to achieve in today’s scenario
because of the use of increasing power electronics converters. The concept of harmonic mitigation has led to
many compensation methods as well as many topologies. Shunt passive filter has paved a way for compensat-
ing current harmonics in alternating current (AC) networks, but with complications such as variation of source
impedance with the system, anti-resonance phenomenon between source impedance and filter, and overloading
of filter, thereby increasing harmonics in current. These realistic problems in power systems have drawn con-
siderable attention in the power system research community. These limitations can be overcome by using active
power filters (APFs), which can compensate for harmonics and avoid many of the problems. Many researchers
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have done extensive work on shunt active power filter (SAPF). Simulation of SAPF and design aspects were
presented in [1], where the results of the experimental prototype developed using a micro-controller-based sys-
tem were effectively designed, bringing source current’s total harmonic distortion (THD) down to less than 5
percentage. Akagi et. al. [2] compared various current control methods such as digital current control, propor-
tional control, and deadbeat control have been designed for a three-phase three-wire SAPF. Depending upon
the type of converter and topology being utilized, various control strategies have been designed for three-phase
four-wire SAPF. Kedjar and Al-Haddad [3] proposed a DSP-based LQR controller with integral action (LQRI)
is implemented for SAPF, which eliminates steady-state errors to achieve tracking of reference and regulate
direct current (DC) bus voltage. Jarou et al. [4] explained a novel control rule based on approximated state
feedback utilizing a Luenberger observer (LO) to enhance the stability and dynamics of SAPF.

Benchouia et al. [5] presented a comparative simulation, as well as experimental analysis, wherein
the sliding mode control (SMC) offers improved outcomes when compared to PI controller. The charging
stations of electric vehicles are equipped with SAPF in order to eliminate the problem of propagation of cur-
rent distortions into the grid. Ali et al. [6] presented a comparative analysis for SAPF using PI and artifi-
cial neural network (ANN) controllers to improve power quality is presented in [6]. The categorization and
classification of APFs are detailed in [7]; based on various factors including circuit configuration, mitigation
purposes, and control strategies. Shukla et al. proposed a real-time implementation of an online empirical
mode decomposition-based method for the control of shunt active filter (SAF) under balanced and unbalanced
loads, which extracts fundamental components of load current and estimates the reference currents. The results
show satisfactory responses, which were verified by means of simulation and prototype experimentation. Mu
et al. [9] described a modified passivity-based control (PBC) tracking control scheme for SAPF is presented
which achieves zero steady-state current error, while conventional PBC-based SAPF could not achieve it. This
is experimentally demonstrated using a 380 V/75 A developed prototype. Wang et al. [10] presented a hybrid
system, which imparts current tracking of extensive bandwidth and swift dynamic response. In order to sup-
press resonance and coupling between modules, a new kind of self-adaptive active damping technique is also
proposed.

Yang and Yang et al. [11] presents a dual-loop current control method for a digitally control led
LCL-type SAPF. The limitation of the damping region in the PR unit is eliminated by means of the delay-
compensation control link, which improves system robustness without introducing any additional active damp-
ing loop. The results are implemented on a 30 kVA active power filter prototype. SMC has been presented
with improved results when compared with the hysteresis current control [12]. Geng et al. [13] presented a fast
repetitive control scheme with harmonic correction loops is presented for SAPF in a weak power grid, which
improves dynamic performance, validated through simulation and experimentation. A fuzzy global sliding
mode control method is presented for SAPF using adaptive control theory, thereby reducing the THD of source
current below 5 percentage [14]. Nie and Liu [15] proposed a current reference control method is proposed
for the SAPF, which utilizes the Kalman filter. Zhou et al. [16] suggested a unique adaptive DC-link voltage
management technique for SAPF in order to lower switching noise and switching loss when the system is in
operation. The real-time observer is used to record the peak grid voltage. Experiments verify the suggested
method’s effectiveness.

Jayasankar and Vinatha [17], using a backstepping controller, which is quick, reliable, and stable,
the shortcomings of the traditional method—poor stability margin, steady state inaccuracy, and chattering is-
sues—were solved. Static and dynamic conditions are applied to and assessed on a lab specimen. A current
and energy-based time-invariant state space model with switching functions is derived as the basis of a tech-
nique [18]. Lower dc-capacitor values are used to validate the suggested technique. Komurcugil et al. [19]
suggested a model predictive control approach based on the energy function for a single-phase, three-level
T-type inverter-based SAPF, wherein the need of using a weighting factor is eliminated, which is compared
with classical model predictive control (MPC) methods, and performance is validated in terms of THD of grid
current on a 3 kVA system. Kurak [20] designed a proportional-integral observer (PIO) is designed for SAPF
and voltage is regulated using a PI controller. Compensative current harmonics are a bit complicated using
conventional SAPF, due to which Dubey et al. suggested a reduced order generalized integrator-based SAPF
is suggested and compared for current-fed and voltage-fed non-linear loads in order to address this problem
[21]. To increase load efficiency, carbon emissions from utility sectors must be decreased; that is, present
harmonics that are causing system degradation must be addressed. In this context, Sant [22] suggested a dual
second-order generalized integrator and least mean square based on reference current generation are suggested
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for controlling the SAPF. This stops reactive current components and harmonics from entering the grid, re-
sulting in a quicker dynamic response. A two-loop, single-phase, four-level flying capacitor multicell inverter
architecture [23]. In order to create a first-order system with less peak overshoot and settling time, Hingol et al.
suggested [24] a modified symmetrical sinusoidal integrator to pre-process supply voltages and load currents
before implementing an instantaneous reactive power theory-based control of SAPF.

The basic active component of load current is computed using a moving window min-max method as
the basis for the suggested SAPF control technique. The suggested strategy produces quicker, more dynamic,
and more accurate steady-state responses in experimental data [25]. To lower a grid-tied inverter’s THD of
terminal voltage and current, Dubey et al. [26] suggests using a modified complex coefficient filter in a dual
fundamental component extraction system to extract fundamental components for the creation of reference
current. The results of this proposed dead-band elimination scheme show a significant reduction in source
current harmonics validated using OPAL-RT in real-time. Different control strategies have been reviewed for
shunt active filter, in which it has been portraited perfect harmonic cancellation (PHC) strategy gave better
simulation results when compared to p-q and Id-Iq control strategies [27]. LQRI is proposed for LC-coupled
active filter and the results obtained through simulation and experimentation justify its superior steady state
performance when compared to LQR control, hysteresis current control, and proportional current control [28].
In this paper, for both state and disturbance estimation, an LQR controller, a LO, as well as UIO for SAPF, are
designed. Later, a combined LQR with LO, and UIO are simulated in real-time environment through OPAL-RT.

2. MATHEMATICAL MODELING OF SHUNT ACTIVE FILTER
The dynamics of SAPF is represented in the form of three state variable equations as described in

(1)-(3) [3].

did
dt

= −Rf
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dd
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Where id , iq are d-q axis currents, Rf is the total losses in coupling resistance and inverter, Lf is leakage
inductance of the coupling inductor, dd and dq are d-q axis control inputs, Vdc represents DC-link voltage,
Cf represents DC bus capacitor. The state vector x =

[
id iq Vde

]T
represents state, and control input

vector u =
[
dd dq

]T
represents control respectively, and ϑ represents fault. The dq-frame rotates with an

angle θ = ωt from the reference axis of abc-frame. State space equation of SAPF can be written as (4), where,
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[
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, u =
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]T
.
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3. PROPOSED METHOD
3.1. LQR design for SAPF

For LQR design, [3] all the states are assumed to be available for feedback for SAPF, i.e C =[
1 0 0
0 1 0
0 0 1

]
. The optimal control law u= -Kx can be obtained by minimizing the cost function, as in (5).
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J =

∫ ∞

0

(
xTQx+ uTR u

)
dt (5)

The gain matrix K = R−1BTP can be obtained solving Ricatti equation, as in (6).

ATP + PA− PBR−1BTP +Q = 0 (6)

Where tuning matrices Q and R represent state and control weighing matrices which are assumed to be square
and symmetric:

Q =

 Qid 0 0
0 Qiq 0
0 0 QV dc

 and R =

[
Rid 0
0 Riq

]

The initial values of Qid, Qiq , QV dc, Rid, Riq are chosen by using Bryson’s rule [27], which are then further
tuned until the desired performance is achieved.

3.2. Observer design for SAPF
In this section, it is assumed that all states are measurable. However, it is not always possible to

measure all states. In this aspect, the observer can be used to estimate the states from a limited number of
sensors. For observer design, it is assumed that the only the first state id is available for feedback, i.e Cobs =[
1 0 0

]
.

3.2.1. Luenberger observer based control
Figure 1 depicts the schematics of LO for SAPF. The state space model of LO-based control for SAPF

is expressed as (7) and (8) [4].

˙̂x = Ax̂+Bu+ L(y − ŷ) (7)

y = Cobsx̂ (8)

Where x̂ is estimated state variables and ŷ is estimated output. Consider the estimation error as e = x̂− x and
its derivative is (9).

ė = ˙̂x − ẋ = (A− LCobs) e+ Ev (9)

Figure 1. Schematic diagram of LO with LQR for SAPF

In the absence of disturbance, the Luenberger observer can exactly estimate state variables in finite
time. For appropriate design of L, (A− LCobs) must be stable, which indicates all eigenvalues of (A− LCobs)
should have negative real parts. However, if there is a fault, there will be a steady state error between the
estimated and actual state variables.
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3.2.2. PI observer based control
Figure 2 depicts the schematics of PIO for SAPF. This observer has an additional degree of freedom,

because of the presence of integral part. Hence, this observer improves the dynamics of estimation when
compared to LO. There are two feedback loops which has to be designed, one is proportional loop and the
other is integral loop. As compared to Luenberger observer, the PIO eliminates the steady state error, in the
presence of disturbances [20]. PIO is designed to estimate the state and fault of LQR controlled SAPF. The
state space model of PIO can be shown as:

˙̂x = (A− LpC)x̂+Bu+ Lpy + Ed
y = Cx̂

Consider the estimation error ê = x− x̂. The derivative of ê is:

˙̂e = ẋ − ˙̂x = Ax− (A− LpC) x̂− Lpy = (A− LpC)e

Lp and LI should be selected such that all the eigen values of (A− LpC) should have negative real parts.
Therefore, without and with disturbance, there will be no steady state error between estimated and actual state
variables in finite time. The gains Lp represents proportional gain and LI is integral gain.

Figure 2. Schematic diagram of PIO with LQR for SAPF

3.2.3. UI observer based control
Figure 3 depicts the schematics of UIO for SAPF. The state dynamics of UIO is given by (10) and

(11).

ż(t) = Fz(t) + TBu(t) +Ky(t) (10)

x̂(t) = z(t) +Hy(t) (11)

Where z ∈ Rn is the state of full order observer, x̂ ∈ Rn is the state estimate and matrices F, T, K, H
are designed. From the block diagram, it is obvious that UIO decouples state estimation dynamics from the
disturbance term in the original system.

The following is the UIO design procedure: Figure 4 shows the flow chart depicting step by step
procedure for designing UIO. Here, in (12)-(16).

H = E[(CE)TCE]−1(CE)T (12)

T = I −HC (13)

A1 = TA (14)

F = A1 −K1C (15)

K = K1 +K2 = K1 + FH (16)
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Figure 3. Schematic diagram of UIO with LQR for SAPF

Figure 4. Flow chart depicting procedure of design of UIO

4. REAL-TIME SIMULATION RESULTS
The transfer function of observer controller is given by (17) and (18).

Gc(s) =
U(s)
−Y (s) = [K(sI −A+KeC +BK)

−1
Ke]

=
1155s2 + (2.406e8)s− (769e9)

s3 + (4e5)s2 + 3.93e10 − (1.169 ∗ e14)
(17)

The transfer function of plant (SAF) is given by (18).

Gp(s) =
3s2 + 6100s+ 3396800

s3 + 2000s2 + 1098700s+ 338.4
(18)

The Bode plot diagram of open loop and closed loop system is shown in Figure 5. It can be observed
from the plots that Gain margin of open loop system is +∞, gain margin of closed loop system is +∞ and phase
margin of open loop and closed loop systems are 90 degrees and +∞ respectively, which indicate the system
considered along with controller and observer is stable both in open loop as well as closed loop.
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Figure 5. Bode plots of open loop and closed loop system

Figure 6 displays the features of the target computer along with the real-time simulator OP4610XG.
Figure 7 displays the back view of the OP4610XG and a list of the signal conditioning modules included in the
system that was supplied. The complete configuration utilizing an OPAL-RT (OP4610XG) module is shown
in Figure 8. MATLAB/Simulink and OPAL-RT are often preloaded on the host device, which is a personal
computer. Under dynamic operation situations, the target device (OP4610XG) generates real-time simulation
results in a hardware-synchronized real-time simulation mode. First, using easily available Simulink block
sets, the shunt active filter (SAF) based control and the suggested control technique are modeled in the MAT-
LAB/Simulink environment. The simulation model is then split into two subsystems utilizing communication
blocks (found in the OPAL-RT library): an optctrl, optcom, analog in, and analog out. The system model is
contained in the master subsystem, whereas the console subsystem has the necessary scopes.A TCP/IP Eth-
ernet connection cable is seen in Figure 8 and is used to facilitate communication between the host and the
target devices. The relevant data is then retrieved using a USB disk that is connected into the USB ports of
the Keysight Technologies DSO58, 350 MHz, 1 GS/s oscilloscope in a research simulation. The OPAL-RT
simulator (OP4610XG), the host or target PC running RT-LAB software, and an Ethernet connection cable
with TCP/IP make up the experimental setup. A full simulation system running on a Kintex7 FPGA is called
the OP4610XG. It is made up of a signal conditioning stage, a versatile high-speed processor, and a potent
target computer. Six extra input/output low voltage differential signaling (LVDS) connections are included in
the system, which may be utilized in optical fiber or RS422 mode. An entry-level system with an FPGA carrier
that can accommodate four standard OPAL-RT boards and two optional 6-transceiver modules is the OP4600
series hardware. It has an FPGA carrier that can accommodate two optional 6 transceiver modules in addition
to four regular OPAL-RT boards. An OPAL-RT Board I/O instance is added to the RT-LAB project in order
to handle I/O signals configuration settings, programming and initialization of the FPGA, and the choice of
hardware synchronization mode of the card, all while utilizing OPAL-RT I/O modules with OPAL-RT Board
I/O management system.

The eHSx32 solver, which has two Quadrature Encoder RS422 inputs and outputs in addition to
sixteen analog outputs, thirty-two digital inputs, and thirty-two digital outputs, is used to setup the I/O. The
OPAL-RT connectors 2B, 2A, 1A, and 1B, respectively, offer access to these 16 analog outputs (AOUT00 to
AOUT15), 16 analog inputs, 32 digital inputs (DIN00 to DIN31), and 32-digit outputs (DOUT00 to DOUT31).
The target machine must have the RT-LAB software installed. The following are the implementation procedures
to obtain the real-time simulation results after launching the RT-LAB program. The new RT-Lab project option
is chosen from the File menu. A project is created when the project name is provided. After creating the project
in the preceding step, an existing MATLAB model has to be added. The current MATLAB model has been
modified to work with OPAL-RT. Afterwards, you must choose the new RT-LAB target choice from the File
Menu. In order to view the specifics of the target, such as processing speed, number of active cores, and number
of kernel versions of the operating system, an IP address must be supplied. Error will appear if the target device
is not connected to the host PC. When this option is chosen in RT-LAB, a number of sequential procedures will
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occur, including model separation, C code generation, C code transfer, C code building, and model build and
transfer. All systems/models need to be turned into subsystems in order for them to be compatible with OPAL-
RT. The MATLAB file will be accessible after execution. We are able to adjust the settings as needed. The
OPAL-RT results of faulty dynamics of states id and iq of SAF and their estimates îd , îq using LQR controller
with LO, and UIO with sinusoidal input, in the presence of step disturbance and three unknown disturbances,
i,e sinusoidal, triangular, and noise type are exhibited in this section.

Figure 6. OP4610XG real time simulator and features of target computer

Figure 7. OP4610XG rear view and modules of signal conditioning in delivered system

Figure 8. OPAL-RT OP4510 simulation setup in real time
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4.1. LQR controller driven of SAPF with Luenberger, and UI observers-disturbance case
4.1.1. Case-1(a): Sinusoidal input in the presence of unknown disturbance1(SINUSOIDAL) using OPAL-

RT OP4510
The simulation results of the disturbance dynamics of d and q axis currents of SAPF i.e id, iq and

their estimates îd , îq using LQR controller with LO, PIO, and UIO, with sinusoidal input, in the presence of
unknown sinusoidal disturbance are exhibited in Figures 9 and 10. It can be observed from Figures 9 and 10
that id and iq of SAF and their estimates îd , îq using LQR controller with LO and PIO in the presence of
sinusoidal disturbance are not retaining the desired step reference signal. It is very obvious from the results
that there exists a steady state error between actual states and estimated states (waveform in yellow color) with
respect to the reference step signal (waveform in green color). However, UIO in the presence of unknown
sinusoidal disturbance is retaining the also reference input.

Figure 9. Tracking of first state and its estimated state of LO, PIO, and UIO-based control of SAPF under
unknown sinusoidal disturbance using OPAL-RT OP4510

Figure 10. Tracking of second state and its estimated state of LO, PIO, and UIO-based control of SAPF under
unknown sinusoidal disturbance using OPAL-RT OP4510

For additional examination, each case’s inaccuracy between states and its estimate with respect to
reference are taken into account. Figure 11 displays the error plots of LO, PIO, and UIO based control of SAF
with unknown sinusoidal disturbance that were similarly simulated using SFB and LQR. Table 1 contains a
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tabulation of the maximum and minimum range values of errors achieved with sinusoidal disturbance. It can be
clearly concluded from Table 1 that error range in case of UIO-based control of SAP is very less than compared
to that of LO and PIO.

Table 1. Error analysis for LO, PIO, and UIO based control of SAP in presence of unknown sinusoidal
disturbance

Case Error taken Error range(OPAL-RT)
LO − LQR(SinDisturbance) id and reference -3.03 to 3.24
LO − LQR(SinDisturbance) îd and reference -2.79 to 3.00
LO − LQR(SinDisturbance) iq and reference -3.11 to 3.24
LO − LQR(SinDisturbance) îq and reference -2.79 to 3.08
PIO − LQR(SinDisturbance) id and reference -550 m to 620 m
PIO − LQR(SinDisturbance) îd and reference -570 m to 620 m
PIO − LQR(SinDisturbance) iq and reference -570 m to 620 m
PIO − LQR(SinDisturbance) îq and reference -580 m to 670 m
UIO − LQR(SinDisturbance) id and reference -71 m to 78 m
UIO − LQR(SinDisturbance) îd and reference -71 m to 74 m
UIO − LQR(SinDisturbance) iq and reference -67 m to 74 m
UIO − LQR(SinDisturbance) îq and reference -67 m to 78 m

Figure 11. Error plots of actual and estimated states with LO, PIO, and, UIO in the presence of sinusoidal
disturbance using OPAL-RT OP4510

4.1.2. Case-1(b): Sinusoidal input in the presence of unknown disturbance2(TRIANGULAR) using OPAL-
RT OP4510

The simulation results of disturbance dynamics of d and q axis currents of SAPF i.e id, iq and their
estimates îd , îq using LQR controller with LO, PIO and UIO, with sinusoidal input, in the presence of tri-
angular disturbance are exhibited in Figures 12 and 13. It can be observed from Figures 12 and 13 that id
and iq of SAF and their estimates îd , îq using LQR controller with LO and PIO in the presence of unknown
disturbance2(TRIANGULAR) are not retaining the desired step reference signal. It is very obvious from the
results that there exists a steady state error between actual states and estimated states (waveform in yellow
color) with respect to the reference step signal (waveform in green color). For additional examination, each
case’s inaccuracy between states and its estimate with respect to reference are taken into account. Figure 14
displays the error plots of LO, PIO, and UIO based control of SAF with unknown sinusoidal disturbance that
were similarly simulated using SFB and LQR. Table 2 contains a tabulation of the maximum and minimum
range values of errors achieved with triangular disturbance. It can be clearly concluded from Table 2 that error
range in case of UIO-based control of SAP is very less than compared to that of LO and PIO.
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Table 2. Error analysis for LO, PIO, and UIO based control of SAP in presence of unknown triangular
disturbance

Case Error taken Error range(OPAL-RT)
LO − LQR(TriangularDisturbance) id and reference -140 m to 1.99
LO − LQR(TriangularDisturbance) îd and reference -210 m to 1.88
LO − LQR(TriangularDisturbance) iq and reference -300 m to 1.63
LO − LQR(TriangularDisturbance) îq and reference -290 m to 1.60
PIO − LQR(TriangularDisturbance) id and reference -310 m to 360 m
PIO − LQR(TriangularDisturbance) îd and reference -320 m to 370 m
PIO − LQR(TriangularDisturbance) iq and reference -350 m to 380 m
PIO − LQR(TriangularDisturbance) îq and reference -340m to 370m
UIO − LQR(TriangularDisturbance) id and reference -68 m to 73 m
UIO − LQR(TriangularDisturbance) îd and reference -63 m to 86 m
UIO − LQR(TriangularDisturbance) iq and Reference -64 m to 77 m
UIO − LQR(TriangularDisturbance) îq and reference -59 m to 86 m

Figure 12. Tracking of first state and its estimated state of LO, PIO, and UIO-based control of SAPF under
unknown triangular disturbance using OPAL-RT OP4510

Figure 13. Tracking of second state and its estimated state of LO, PIO, and UIO-based control of SAPF under
unknown triangular disturbance using OPAL-RT OP4510
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Figure 14. Error plots of actual and estimated states with LO, PIO, and UIO in the presence of triangular
disturbance using OPAL-RT OP4510

4.1.3. Case-1(c): Sinusoidal input in the presence of unknown disturbance3(NOISE-TYPE) using OPAL-
RT OP4510

The simulation results of disturbance dynamics of d and q axis currents of SAPF i.e id, iq and their
estimates îd , îq using LQR controller with LO, PIO, and UIO with sinusoidal input, in the presence of noise-
type disturbance are exhibited in Figures 15 and 16. On the other hand, UIO in the presence of noise-type
disturbance is retaining the reference input.

Figure 15. Tracking of first state and its estimated state of LO, PIO, and UIO-based control of SAPF under
noise-type disturbance using OPAL-RT OP4510

It can be observed from Figures 15 and 16 that id and iq of SAF and their estimates îd , îq using
LQR controller with LO and PIO in the presence of unknown disturbance3 (NOISE-TYPE) do not retain
the desired step reference signal. It is very obvious from the results that there exists a steady state error
between actual states and estimated states (waveform in yellow color) with respect to the reference step signal
(waveform in green color). On the other hand, UIO in the presence of noise-type disturbance is retaining
the also reference input. For additional examination, each case’s inaccuracy between states and its estimate
with respect to reference are taken into account. Figure 17 displays the error plots of LO, PIO, and UIO based
control of SAF with noise-type disturbance that were similarly simulated using SFB and LQR. Table 3 contains
a tabulation of the maximum and minimum range values of errors achieved with triangular disturbance. It can
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be clearly concluded from Table 2 that error range in case of UIO-based control of SAP is very less than
compared to that of LO and PIO.

Table 3. Error analysis for LO, PIO, and UIO based control of SAP in presence of unknown noise disturbance
Case Error taken Error range(OPAL-RT)
LO − LQR(Noise− typeDisturbance) id and reference -1.68 to 1.69
LO − LQR(Noise− typeDisturbance) îd and Reference -1.58 to 1.76
LO − LQR(Noise− typeDisturbance) iq and reference -1.04 to 1.57
LO − LQR(Noise− typeDisturbance) îq and reference -1.07 to 1.63
PIO − LQR(Noise− typeDisturbance) id and reference -370 m to 470 m
PIO − LQR(Noise− typeDisturbance) îd and reference -550 m to 430 m
PIO − LQR(Noise− typeDisturbance) iq and reference -350 m to 350 m
PIO − LQR(Noise− typeDisturbance) îq and reference -370 m to 440 m
UIO − LQR(Noise− typeDisturbance) id and reference -64 m to 77 m
UIO − LQR(Noise− typeDisturbance) îd and reference -59 m to 78 m
UIO − LQR(Noise− typeDisturbance) iq and reference -64 m to 77 m
UIO − LQR(Noise− typeDisturbance) îq and reference -59 m to 86 m

Figure 16. Tracking of second state and its estimated state of LO, PIO and UIO-based control of SAPF under
noise-type disturbance using OPAL-RT OP4510

Figure 17. Error plots of actual and estimated states with LO, PIO, and UIO in the presence of triangular
disturbance using OPAL-RT OP4510
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Apart from state estimation, UIO also estimates the step disturbance and three unknown disturbances
as shown in Figures 18-20. Figures 18-20 depicts the estimation of unknown sinusoidal, triangular and noise-
type disturbances. The estimated disturbance state (yellow color) is perfectly tracking the actual disturbance
(green color). Hence, it can be observed that UIO is perfectly tracks various disturbances that have been
considered.

Figure 18. Sinusoidal disturbance estimation of UIO-based control of SAPF using OPAL-RT

Figure 19. Triangular disturbance estimation of UIO-based control of SAPF using OPAL-RT

Figure 20. Noise-type disturbance estimation of UIO-based control of SAPF using OPAL-RT
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5. CONCLUSION
In this paper, a full-state feedback controller is designed based on LQR for SAPF. To avoid this

requirement of full state feedback, LO, PIO, and UIO are designed in presence of various unknown disturbances
for SAPF. It can be observed from real time implementation results that in the presence of a disturbance, LO and
PIo fails to track the reference sinusoidal input and it introduces a steady state error between the reference input
and estimated state. UIO eliminates this steady-state error, it perfectly tracks sinusoidal reference inputs in the
presence of a disturbance. Apart from state estimation, UIO also, perfectly estimates the various disturbances.
Error analysis of LO, PIO, and UIO based control of SAPF in the presence of all three unknown disturbances
has been simulated by OPAL-RT and data have been tabulated in addition to state and disturbance estimation.
These values demonstrate that UIO is more resistant in the presence of disturbances than LO and PIO, with
a smaller error range. The system under consideration is stable in both open and closed loop scenarios, as
demonstrated by the subsequent derivation of the open loop and closed loop transfer functions and the plotting
of the corresponding bode-plots.
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