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Abstract-- This paper proposes an improved reference current 

generation and digital deadbeat current controller for single-
phase shunt active power filters. The main advantages of the 
suggested control technique are simplicity, fast dynamics, low 
computational burden, high accuracy and direct digital 
implementation. A straightforward modelling of system and 
design procedure is described in this paper. The stability analysis 
of the current control system, especially under parameter 
uncertainties, is studied. Also, a comprehensive comparison 
between the proposed technique and the conventional deadbeat 
controller is provided. In order to generate the reference 
compensating current, a second order generalized integrator-
based PQ technique is used and the effect of integrator 
discretization in terms of dynamic response, accuracy and real-
time computational burden is investigated. Simulation and 
experimental results on a real prototype system under steady-state 
and transients are reported to demonstrate the validity of 
theoretical analyses. 
 

Index Terms-- Deadbeat controller; single-phase shunt active 
power filter; second order generalized integrator (SOGI); stability 
analysis. 

NOMENCLATURE 

APF   Active power filter 
RCG   Reference current generation 
PCC   Point of common coupling 
SOGI   Second order generalized integrator 
FLL    Frequency locked loop 
MSOGI  Multi-SOGI 
DSC   Digital signal controller 
PWM   Pulse-width modulation 
THD   Total harmonic distortion 
PI    Proportional integral 
PR    Proportional resonant 
iS     Grid current 
iL     Load current 
iF     APF injected current 
iF,ref    APF reference current 
vS     Grid voltage 
vC    Converter voltage 
vDC    DC-link voltage 
d     Duty cycle 
L     Filter inductance 
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rL     Equivalent resistance of the inductor 
CDC    DC-link capacitance 
Ts     Sampling period 
Tsw    Switching period 
Td    Digital control delay 

I.  INTRODUCTION 

OWER quality is a main concern for proper operation of 
electric power systems. Shunt APFs are proven as the most 

advanced solution to many power quality problems. These 
filters consist of a power electronic converter and inductors and 
capacitors. The single-phase shunt APFs 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, but the RMS values are 
low. When all these loads are supplied at the same time in a 
domestic or commercial complex, then the values of both THD 
and RMS current are high. 

The performance of the shunt APF depends on the converter 
control system and the quality of the RCG method. Up to now, 
many different control methods and RCGs are proposed for 
APFs. The RCG methods can broadly grouped into frequency-
domain and time-domain techniques [1]. The frequency-
domain includes the Digital Fourier Transform (DFT) and its 
derivatives [2]-[8]. While the DFT-based methods have 
advantages of high accuracy in harmonic detection in both 
single-phase and three-phase applications, they suffer from a 
high computational burden and memory requirements. In the 
time-domain, the instantaneous active and reactive power 
theory (PQ theory) and its derivatives are the most successful 
approaches [9]-[16]. These techniques benefit from simplicity 
and low computational burden while they offer a fast dynamic 
performance. Although, the application of the PQ theory is 
extended to single-phase systems [16]. 

The APF current controller tracks the RCG output signal. 
Many different control methods are reported in literature. 
Current hysteresis control (CHC) is very simple and fast but the 
switching frequency is variable [17]-[19]. Repetitive control 
method shows an appropriate performance in current tracking, 
however, it suffers from a slow dynamic response and a high 
memory requirement [20]-[22]. The PR control technique, 
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despite its simplicity and good response, is highly sensitive to 
AC frequency variations and the discretization method [23]-
[25]. Adaptive and predictive control techniques have been 
used for the shunt APFs and could present good results at the 
price of a complex design procedure [26]-[31]. Deadbeat 
control technique is a current control technique for the shunt 
APFs that offers both high control precision and fast dynamic 
response. Although, the conventional deadbeat controller 
suffers from the effects of sampling errors on current control 
performance. Also, because deadbeat is a model-based control 
method, the stability analysis of the overall current control 
system in response to variations and uncertainties in system 
parameters is necessary. 

This paper proposes an improved RCG and digital deadbeat 
control technique for the single-phase shunt APFs. In the 
proposed control technique, the effect of sampling errors on 
current control performance is tackled. In addition to 
considering the effect of digital delay, the proposed method 
guarantees robustness of the control system under a wide range 
of model parameter changes. The paper organized as follows: 
section 2 describes the model of the single-phase shunt APF. 
Section 3 explains the SOGI based RCG technique. Section 4 
illustrates the proposed digital deadbeat control method and its 
stability analysis in details. In section 5, simulation and 
experimental results on a real prototype system are described. 
Section 6 concludes the paper. 

II.  MODEL OF SINGLE-PHASE SHUNT APF 

Figure 1 shows the power circuit of a single-phase shunt 
APF. The power stage of APF consists of a single-phase full-
bridge converter, filter inductor and the DC-link capacitor. 
According to Fig. 1, the inductor voltage equation is: 

  F
C L F S

di
v r i L v

dt
. (1) 

Therefore, one can write the APF plant transfer function, 
neglecting the grid voltage variations, as 

0

( ) 1
( )

( )


 


S

F
plant

C LV

I s
G s

V s Ls r
. (2) 

The discrete-time equivalent of the plant transfer function of 
(2), using Tustin approximation, can be written as 
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In order to maintain the DC-link voltage of the APF at the 
desired value, a PI controller is used. The next sections illustrate 
how to generate the reference current for the APF and then 
effectively track it by proper control of the converter. 

III.  SOGI-BASED REFERENCE CURRENT GENERATION 

Nonlinear loads current is composed of different harmonic 
components. The percentage of these components is different 
for any load, but mostly a significant percentage is formed by 
low order harmonics (third, fifth, seventh, …). The load current 
in Fig. 1 is written as 
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Fig. 1.  Single-phase shunt APF. 
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where 
1 1 1

cos( )
L L L

a I   and 
1 1 1

sin( )
L L L

b I   are the amplitude 

of fundamental active and reactive components of nonlinear 
load, respectively. The ultimate APF compensation goal is to 
provide the load with the reactive and harmonic components, 
i.e. injecting a current as (5). Then the grid current will be a 
pure sinusoidal waveform in-phase with the grid voltage at the 
PCC. i.e. as (6). 
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The instantaneous active and reactive power theory, which 
is also called the PQ theory was introduced for three-phase and 
single-phase systems [9]-[16]. The fundamental active 
component of the load current based on the PQ theory can be 
calculated as [13] 
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where ,1Sv  , ,1Sv  , p   are the fundamental in-phase and 

quadrature-phase quantities of the source voltage and the 
fundamental active power, respectively. Since, it is desired that 
only the fundamental active component of the load current is 
drawn from the grid, then the reference grid current is simply 
derived from (7), as 
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where p  can be extracted from p by a low-pass filter or directly 

calculated from the fundamental components of the currents 
and voltages. Also, to keep the APF DC-link voltage constant, 
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Fig. 2.  SOGI-FLL structure [32]-[33]. 
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Fig. 3.  MSOGI structure [15]. 
 
an active power DCp , which compensates the APF power 

losses, is added to (8), resulting in 
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The SOGI is well-known technique to generate the filtered 
αβ-axis quantities from the grid voltage and the load current. 
The SOGI-FLL structure is shown in Fig. 2 [32]-[33]. This 
structure is composed of two integrators, a damping factor k and 
the FLL. The damping factor has an important role in the 
filtering and dynamic performance; such that a small value for 
k results in a high level of filtering, but the settling time of the 
β-axis output will be too long. Also, the technique of 
discretizing the integrators affects the accuracy of the SOGI 
output signal. The characteristic transfer functions of the SOGI 
are [32]-[33] 
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It is already shown that the settling time for the extraction of 
the α and β components can be approximated as [15] 

TABLE I 
Mathematical Equations of Discrete Integrators 
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TABLE II 

Performance Evaluation of Discrete Integrators 

   Integrator 
type 

 
Criterion 

Forward 
Euler 

Backwa
rd Euler 

Tustin Type-II Type-III 

Settling time 
2.5 

cycles 
3.5 

cycles 
3 cycles 7 cycles 7 cycles 

Steady-state 
amplitude error 

5.1% 4.75% 
negligib

le 
negligib

le 
negligib

le 

Code execution 
time in floating-

point DSC 

2.020 
μs 

1.792 
μs 

2.175 
μs 

2.391 
μs 

2.541 
μs 

 

8
ˆ

st k
. (12) 

Therefore, by choosing ts, the damping factor k can be easily 
determined. Here, the settling time is set to two fundamental 
cycles, which results in k = 0.637 ( ˆ 100  ). The MSOGI 
structure is introduced to more accurately extract the 
fundamental component when the input signal is highly 
distorted, which for the current signal is shown in Fig. 3. Each 
of added SOGI blocks is tuned at the desired harmonic 
frequency to specifically attenuate it in the output of the 
MSOGI structure. Therefore the extraction of the fundamental 
component of the load current is improved by selectively 
mitigating the desired low-order harmonic components. In this 
paper, due to the non-ideality of the grid voltage and highly 
distorted load currents, two SOGI blocks, tuned at the 
fundamental and the 3rd harmonic are used for the voltage and 
thirteen SOGI blocks, tuned at the fundamental and 3rd, 5th, 
7th, 9th, …, 25th harmonics are employed for the load current. 
In order to select the type of two integrators of the SOGIs in 
digital form, Forward-Euler, Backward-Euler, Tustin, type-II 
and type-III discretization techniques are analyzed. Table I 
expresses mathematical equations of these five discrete-time 
integrators and their difference equations. To analyze the 
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Fig. 5.  Carrier signal, reference modulation signal, resulted PWM signal, 
measured and sampled filter current in sampling periods of DSC. 
 
behavior of these integrators, these digital integrators are 
included in the MSOGI structure and the performance of the 
structure to a sinusoidal voltage input is studied. Table II 
summarizes the performance indices in terms of settling time, 
steady-state amplitude error and code execution time in 
floating-point DSC. According to Table II, the best discrete-
time integrator is Tustin, which is used in the MSOGI structure 
in this paper. 

The APF reference current is easily obtained by subtracting 
the grid reference current of (1) from the load current. But in 
practice, the load current is highly distorted and noisy. The 
distortion and noise of the load current can be transferred into 
the control system and degrade the performance. To avoid this 
problem, the filter reference current is directly determined in 
this paper. In this way, sum of the extracted odd harmonic 
components, except the fundamental is used for harmonic 
compensation term and another term is added for reactive 
power compensation. So, the final improved equation for the 
APF reference current is 

 ,1 ,1 ,1 ,1 ,1 ,1
, , 2 2 2 2

3 ,1 ,1 ,1 ,1






  

  S L S L S DC S
F ref L n

n S S S S

v i v i v p v
i i

v v v v

     


   

. (13) 

IV.  IMPROVED DIGITAL DEADBEAT CONTROLLER DESIGN 

Figure 4 shows the converter operation principle based on 
the PWM. In this paper, the sampling rate of the voltage and 
current sensors is twice the switching frequency. By assuming 
that the grid voltage is constant during one sampling period and 

ignoring the voltage drop across rL, (1) can be decomposed over 
a sampling period as  
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where Ts is the sampling period of the control system and           
Tsw = 2Ts is the switching period. So, the duty cycle of PWM 
signal in k-th control period is obtained as 
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Equation (15) implies that the control signal contains 
feedback tracking error plus grid voltage feedforward. In (15), 
the gain L/Ts is introduced as deadbeat controller gain. In order 
to track the reference current signal, the filter current at       
(k+1)-th sample should be replaced by the filter reference 
current at the next sampling period. So, (15) is rewritten as (16). 
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So, the filter reference current at the next sampling period is 
needed. In the conventional deadbeat control method, the 
current at the (k+1)-th sample is replaced by the reference 
current at the current sampling period, which simply ignores the 
change of current over one sampling period and the delay of 
PWM modulator. However, in this paper, the APF reference 
current at the next sampling period is estimated using a linear 
approximation. Fig. 5 shows the carrier signal, reference 
modulation signal, resulting PWM signal, measured and 
sampled filter current in sampling periods of DSC. According 
to this figure, the filter reference current at the next sampling 
period is approximated as 

     , , ,( 1) 2 ( 1)   F ref s F ref s F ref si k T i kT i k T . (17) 

In (17), if there is a sampling error in calculation of iF,ref[kTs] 
or iF,ref[(k-1)Ts], it can affect the filter reference current at the 
next sampling period. Therefore, a predictive correction based 
on previous two-sample data is proposed in this paper. Equation 
(17) according to this correction is rewritten as 
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The current control loop diagram is obtained as Fig. 6, where 
Gpredict(z) = (1 + z-1 - z-2)  is predictor of the filter reference 
current, GC(z) = L/Ts  is the deadbeat controller gain, Gdelay(z) = 
z-Td/Ts is the digital control system delay, KPWM is the gain of the 
PWM modulator and is assumed unity and Gplant(z) is the plant 
discretized in (3). According to Fig. 6, the closed-loop current 
control transfer function is calculated as (19). 
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Fig. 7.  Root locus of the closed-loop current control system. 
 

 
Fig. 8.  Step response of the closed-loop current control system. 
 

 
Fig. 9.  Pole-zero map of the closed-loop current control system for different 
values of kL (0< kL <2). 
 

Figure 7 shows the root locus of the closed-loop system (19), 

when Td=Ts. This figure shows that the system poles are located 
inside the unity circle and system is stable (p1,2=0.245±j0.661 
with damping ratio ζ=0.277). The filter inductor cannot be 
measured exactly and several factors, such as aging, 
temperature and loading level affect its value. The difference 
between the nominal value of the inductance, which considered 
in the controller and its actual value affects the controller 
performance. Therefore, the effect of the model uncertainties on 
the stability of the closed-loop system should be studied. Figure 
8 shows the closed-loop step response of (19) for different 
values of filter inductance. When the filter inductance is 
decreased, the damping ratio of the closed-loop poles is also 
decreased (ζ=0.181) and the real parts of the conjugate poles are 
decreased and the imaginary parts are increased. But when the 
filter inductance is increased 20% than its nominal value, the 
damping ratio is increased (ζ=0.369) and the real parts of the 
closed-loop poles are increased and imaginary parts are 
decreased. Figure 8 shows that reducing the parameter L can 
increase the overshoot of the step response and vice versa. Also, 
the current control loop is remained stable under the large 
changes in inductance and this shows the robustness of the 
proposed current control system to large changes of filter 
inductance. In order to analyse the stability condition of the 
control system in terms of filter inductor changes, a gain kL   is 
introduced and multiplied in Gc(z). To calculate the stable range 
of kL, poles of (19), considering kL, are obtained and ensured to 
remain inside the unit circle. Therefore, the control system 
poles in this condition are obtained as 
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The absolute value of two poles must be less than unity, i.e. 
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then 
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According to system parameters of Table III, kL<2.0125. 
Figure 9 shows the pole-zero map of the closed-loop system 
when kL changes in the range 0<kL<2. Based on this figure, by 
increasing parameter kL, the real and imaginary parts of 
conjugate poles are increased and moved on a half circle. 
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Fig. 10.  Proposed overall control system and RCG block diagram. 
 

TABLE III 
System Parameters 

Parameter Symbol Value 

DC-link voltage VDC 200 V 

Grid voltage VS 110 Vrms 

Converter nominal power Sc 2 kVA 

Filter inductance L 2 mH 

ESR of inductance rL 0.5 Ω 

DC-link capacitance CDC 2.2 mF 

Grid frequency f 50 Hz 

Switching/sampling frequency fsw/fs 10/20 kHz 

 

 
Fig. 11.  Experimental setup. 
 

Figure 10 shows the proposed overall control system and 
RCG block diagram. The grid voltage, DC-link voltage, load 
current and filter current are measured by sensors. The grid 
voltage and load current are measured at the PCC. Therefore, 
the grid voltage includes the effect of harmonic currents 
penetrated to the grid multiplied by the grid impedance and the 

 

 
Fig. 12.  Simulated steady-state performance of APF: grid voltage (200V/div), 
grid current (50A/div), load current (50A/div) and filter current (50A/div). 
 

 
Fig. 13.  Simulated steady-state performance of APF: (a) load current harmonic 
spectrum (b) grid current harmonic spectrum. 
 
load current includes the effect of load-side impedance. So, 
depending on the grid impedance, the PCC voltage could 
deviate from the ideal sinusoidal waveform. The distorted grid 
voltage may affect the reference current generator and the 
deadbeat controller. The reference current generator uses the 
filtered version of measured voltage provided by the MSOGI 
structure, which makes it immune to a high level of harmonic 
pollutions of the grid voltage. The deadbeat controller equations 
are based on the instantaneous value of the measured grid 
voltage and therefore no form of filtering must be applied to 
them. 

V.  SIMULATION AND EXPERIMENTAL RESULTS 

Simulations are done in MATLAB/Simulink environment. 
The system parameters are listed in Table III. The nonlinear 
load consists of a single-phase full-bridge diode rectifier 
feeding a resistor in parallel with a capacitor. The experimental 
setup is shown in Fig. 11. The grid voltage and current 
harmonic spectrums are measured by the power quality 
analyzer, Fluke 435. The control algorithm is implemented on 
a STM32F407VGT6 digital signal controller from 
STMicroelectronics. The grid voltage has THD equal to 5%. 
Figure 12 shows the simulated steady-state grid voltage, grid 
current, load current and APF current. The load current THD is 
59.97% and the grid current THD is as low as 3.56%. The 
harmonic spectrums of the load and grid currents are shown in 
Figs. 13(a) and (b), respectively. As can be seen, the grid 
current follows the standard limit of 5%. Figures 14(a) and (b) 
show the transient response of APF system to a load step 
change. At t = 25ms, the load current is increased suddenly, and 
the filter current tracks its reference very fast and smoothly. 
Figure 14(a) shows this result. In Fig. 14(b), the load current is 
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(a)

(b)  
Fig. 14.  Simulated transient performance of APF: (a) transient response to 
increasing load (b) transient response to decreasing load. 
 

 
Fig. 15.  Experimental steady-state performance of APF: grid voltage 
(200V/div), grid current (50A/div), load current (50A/div) and filter current 
(50A/div). 
 

(a)                                                                              (b)  
Fig. 16.  Experimental steady-state performance of APF: (a) load current 
harmonic spectrum (b) grid current harmonic spectrum. 
 
decreased suddenly at t = 25ms and the grid current transient is 
shown. These figures demonstrate the effectiveness and the fast 
dynamics of the proposed technique. Figure 15 shows the 
experimental results of the APF system that fully support the 
simulation results. Figures 16(a) and (b) show the load and grid 
currents harmonic spectrums, respectively. As can be seen, the 
 

 
Fig. 17.  Experimental transient performance of APF: (a) transient response to 
increasing load (b) transient response to decreasing load. 
 
grid current THD decreases from 60% to 4.2%; so, the grid 
current quality is much improved as already seen in 
simulations. Also, the major current harmonics (third, fifth, 
seventh and ninth) are well damped and the grid current THD 
is less than the grid voltage THD and the excellent performance 
of both RCG and deadbeat is confirmed. A small increase in 
grid current second harmonic, as can be seen in Fig. 16(b) and 
does not appear in simulations, can be attributed to the offset, 
error and delay of sensors, rise and fall times of semiconductor 
waveforms, the dead-time effect and nonlinear characteristic of 
the filter inductor. Figures 17(a) and (b) show the transient 
performance of the APF system to load step changes. Figure 
17(a) shows the load increase step change and Fig. 17(b) shows 
the load decrease step change. The filter current tracks its 
reference, which is constructed in RCG and the grid current 
retains its sinusoidal waveform in-phase with the grid voltage 
following the step changes. According to these figures, accurate 
steady-state and fast dynamic responses of the proposed system 
are guaranteed. 

In order to compare the proposed technique and the 
conventional deadbeat controller, first a nonlinear load, which 
consists of a single-phase full-bridge diode rectifier feeding a 
resistor in series with an inductor is connected to the PCC and 
the performance of both controllers is evaluated. Figure 18 
shows the results. As can be seen in Fig. 18(a), at the instances 
of load current rapid changes, a significant distortion in the 
compensated source current is observed for the conventional 
deadbeat controller and the source current THD is 9.38% under 
this condition. While, the source current in Fig. 18(b) shows an 
improvement with the THD obtained as 3.52%. 
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(a)

(b)  
Fig. 18.  Simulated steady-state performance of APF with a highly inductive 
nonlinear load: grid voltage (200V/div), grid current (20A/div), load current 
(20A.div) and filter current (20A/div) (a) conventional deadbeat controller, (b) 
proposed deadbeat controller. 
 

 
Fig. 19.  Effect of model uncertainties on performance of two controllers: (a) 
effect of system parameter changes on THD, and (b) current tracking error. 
 

In order to analyse the effect of system parameter changes in 
performance of both controllers, the effect of changing 
parameter kL on source current THD and steady-state reference 
current tracking error is investigated in simulations. The result 
is shown in Fig. 19. In this situation, the nonlinear load consists 

of a single-phase full-bridge diode rectifier feeding a resistor in 
parallel with a capacitor. As can be seen in Fig. 19(a), when 
kL<1.2, the source current THD of the conventional deadbeat 
controller is about twice the proposed method. When 1.5<kL≤2, 
the source current THD of the conventional deadbeat method is 
lower than 5% and the difference between it and the proposed 
technique is about 1%. Figure 19(b) shows the effect of model 
uncertainties on the steady-state current tracking error. As can 
be seen, when kL<0.7, the tracking error of two methods are 
nearly the same, but when kL>0.7, the tracking error of the 
proposed deadbeat method is lower than the conventional 
deadbeat controller. Specially, when 0.9≤kL≤1.1, the tracking 
error of the conventional deadbeat controller is about twice the 
improved deadbeat controller. Thus, the performance of the 
suggested controller is not degraded even under a wide range of 
inductor changes.  

VI.  CONCLUSION 

This paper proposed an improved RCG and digital deadbeat 
current controller for single-phase shunt APFs. The current 
controller has advantages of simplicity, low computational 
burden, fast dynamics and low current ripple. Design and 
stability analysis of the control system are studied in this paper 
and a comprehensive comparison between the proposed method 
and the conventional deadbeat controller is provided. Also, the 
digital representation of the control system is provided to 
implement on a digital signal controller. In addition, the effect 
of SOGI integrator discretization in terms of dynamic response, 
accuracy and execution time is examined. Simulation and 
experimental results on a real prototype system are provided. 
The steady-state results confirm the effectiveness and 
appropriate performance of the proposed technique. The 
transient responses to load step changes reveal fast dynamics of 
the proposed technique. 
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