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a b s t r a c t

Small-scale renewable energy sources, such as small hydro turbines, roof-mounted photovoltaic and

wind generation systems, and commercially available fuel cells are usually connected to the single-

phase distribution grid through a voltage source converter. To regulate the power exchange with the

single-phase grid, and at the same time, reduce the harmonic distortions in the ac current, different

current control structures have already been proposed, among which the current hysteresis control, the

voltage oriented control, and the proportional-resonant based control have found more attentions. This

paper provides an overview of the main characteristics of these control strategies. Also, some

implementation aspects such as the fictitious signal generation and the single-phase grid synchroniza-

tion techniques are discussed. Finally, through extensive simulations a comparative study of the

presented control strategies is presented. The simulations are supported by experiments.

& 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Addressing the ever increasing global demand on reliable and

sustainable electricity has become a main concern of electricity

sector. At the moment, fossil fuel power plants are the backbone of

world’s electricity generation system. On the other hand, they are

recognized as a major cause for the environmental pollutions [1].

Today, millions are willing to enjoy the benefits of improved lifestyle

and environment with much more electricity generated from the

renewable energy sources [2,3]. In 2010, renewable energies

accounted for 16.6% of the world’s primary energy demand, while

a share up to 50% worldwide is feasible by 2040, according to a

report published by the European Renewable Energy Council (EREC)

together with its member associations (EPIA, ESHA, ESTIF, EUBIA,

EUREC Agency, EWEA, AEBIOM and EGEC) [4].
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Along with ambitious plans to increase the share of renewable

energies in developed countries, such as EU 2020 political renewable

energy goal [5], and progresses in renewable energy utilization in

developing and newly industrializing countries [6–14], small-scale

electricity generation systems, such as small hydro turbines, roof-

mounted photovoltaic and wind generation systems, and commer-

cially available fuel cells are being widely utilized at the distribution

level [15,16]. The general structure of a small-scale renewable energy

source, which is usually interfaced with the single-phase grid through

a stage of power electronic devices, is depicted in Fig. 1. The source-

side power conversion system extracts the maximum electricity from

the available renewable input power and its topology and control

strategy highly depends on the type of the renewable energy source.

The focus of this paper is on the grid-side converter. The main

objective of the grid-side converter is to control the power flow

between the ac system and the dc link powered from the renewable

resources. The single-phase voltage source converter (VSC) is the best

solution for interfacing with a single-phase grid. It offers several

advantages such as bidirectional power flow capability and low

distortions at the ac side current and the dc side voltage. Another

promising feature is that it can independently control the active and

reactive power exchanged with the ac network; therefore, it can

improve the voltage profile, and is able to operate in weak ac systems.

These advantages make the single-phase VSC a successful solution for

grid integration of small-scale renewable energy sources.

To regulate the power exchange with the single-phase grid, and

at the same time, reduce the harmonic distortions in the ac current,

different current control structures have already been proposed,

such as current hysteresis control (CHC) [17–26], voltage oriented

control (VOC) [27–31], and proportional-resonant (PR) based control

[32–39], which all have their own pros and cons.

This paper gives an overview of the main characteristics of

these control strategies. The paper also includes a discussion of

some implementation aspects such as the fictitious signal gen-

eration and the single-phase grid synchronization techniques.

Then, through extensive simulations a comparative study of the

presented control strategies is presented and discussed. The

simulations are supported by experiments.

2. Control strategies for single-phase grid-tie converters

Advanced power control strategies for single-phase converters

imitate the concept of decoupled active and reactive power

control of three-phase converters which is realized in the syn-

chronous reference frame. In this way, the ac current is decoupled

into active and reactive power components, Id and Iq, respectively.

These current components are then regulated in order to elim-

inate the error between the reference and measured values of the

active and reactive powers. In most cases, the active power

current component, Id, is regulated through a dc-link voltage

control aiming at balancing the active power flow in the system.

As shown in Fig. 1, the power control loop is followed by a current

control system. By comparing the reference and measured cur-

rents, the current controller should generate the proper switching

states for the converter to eliminate the current error and produce

the desired ac current waveform. It is worth mentioning that, for

the sake of simplicity, in the converter of Fig. 1, a simple L-type

smoothing filter is shown. However, a higher order LC or LCL filter

brings improved harmonic suppression performance at lower

switching frequencies with a reduction of overall filter size, but

at the expense of probability of resonance. Yet, it is possible to

Nomenclature

Id active power current component

Iq ractive power current component

i ac current

kp proportional gain

ki integral or resonant gain

L smoothing filter inductance

R smoothing filter resistance

z damping ratio

on natural frequency

of fundamental frequency

off nominal value of fundamental frequency

P Cauchy principal value

fs switching frequency

Tf fundamental period

Serror absolute percentage power error
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Fig. 1. Block-diagram of a renewable energy source interfaced with the single-phase grid.
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employ a single loop current controller, which is the scope of this

paper, to these higher order converter systems. Recently, the idea

of multi-loop current control is developed for three-phase con-

verters with LC and LCL filters to improve the system stability and

resonant damping. This technique is also adopted for single-phase

applications [38–41].

The performance of the converter system mostly depends on

the quality of the current control strategy. Among different single

loop current control strategies, CHC, VOC, and PR have received

more attentions in recent years. The basic structures of these

techniques are depicted in Fig. 2 and are discussed in the

following subsections. It is noteworthy that in addition to the

three above mentioned control strategies, some novel approaches

based on predictive [42–44], fuzzy logic [45], artificial neural

networks [46], sliding mode [47,48], and digital repetitive control

[41,49–53] are presented in the literature. All these techniques try

to maintain the advantages of conventional current control

structures, especially precise current control with minimum

distortion and harmonic noises at the expense of difficult design

and implementation, more computational burden and the

requirement of a good knowledge of the system parameters.

2.1. Current hysteresis control (CHC) [17–26]

The CHC is one of the easiest control strategies, in which, the

ac current is controlled to stay within the limits of an upper and

lower bands around the sinusoidal reference current. For this

purpose, the hysteresis controller is used which is simple and

provides a high dynamics. The output of the hysteresis controller

is the converter switching states, so in CHC there is no PWM

modulator block, which simplifies the structure and improves the

dynamics. Despite the advantages of simplicity, robustness, good

stability, automatic current limiting, and high dynamic response,

the basic CHC suffers from major drawbacks such as, widely

varying switching frequency and large current ripples. Indeed, the

switching frequency depends on the hysteresis bandwidth, the

sampling frequency, and system and load parameters and varies

over a wide range. As a consequence, significant low-order

harmonics are present in the ac current and it is important to

carefully design the filter as well as the converter power stage.

Besides, the high gain of the hysteresis controller may cause some

control difficulties or power quality problems, especially when

the filter inductance and/or the sampling frequency are small. It is

worth mentioning that some advanced CHC structures have been

proposed which use an adaptive band for the controller and could

obtain a fixed switching frequency [25,26]. This is at the expense

of deteriorated performance characteristics, such as increased

current harmonic distortions, degraded dynamics and lower

stability margins.

2.2. Voltage oriented control (VOC) [27–31]

The voltage-oriented control or VOC is a well-known method

of indirect active and reactive current control and is based on the

current vector orientation with respect to the line voltage vector.

The VOC is realized in the direct-quadrature (dq) synchronous

reference frame, where the error between the direct (Id) and

quadrature (Iq) components of the ac current and their reference

values are fed to the PI controllers. Then, the controllers generate

the reference voltage for the converter. This voltage is applied to

the converter using a PWM modulator. Compared with the CHC,

the converter switching frequency is fixed and by using advanced

modulation techniques, the switching losses, harmonic currents

and total harmonic distortion (THD) can be minimized. Also,

thanks to the internal current control loops, high dynamics and

static performance is guaranteed. One main drawback associated

to the VOC is that the performance is highly dependent on the

applied current control strategy and the connected ac network

conditions.

As one can see in Fig. 2(b), in the VOC, electrical signals are all

transformed to the synchronous reference frame, where quanti-

ties are dc and, as a consequence the zero steady-state error is

ensured by using a conventional proportional-integral (PI) con-

troller. This transformation needs at least two orthogonal signals.

As a consequence, a fictitious phase must be generated. To create

a two phase system from a single phase signal, different techni-

ques can be employed, such as the transport delay [54], Hilbert

transformation [55,56], all-pass filter (APF) [57], and SOGI [58]

methods. These techniques are presented in the next section.

2.2.1. VOC design considerations

The transfer function of a PI controller is as (1), in which kp and

ki are the proportional and integral gains, respectively.

PIðsÞ ¼ kPþkis ð1Þ

If the converter model in Fig. 2(b) is simplified to 1/(LsþR),

where L and R are the filter inductance and resistance, respec-

tively, and assuming that the cross-couplings are eliminated by

using the decoupling terms (LoId and �LoIq), then the closed-

loop transfer function of the d and q current loops can be readily

derived as

IdðsÞ

Id,ref ðsÞ
¼

IqðsÞ

Iq,ref ðsÞ
¼

kpsþki
Ls2þðkpþRÞsþki

ð2Þ

where Idq and Idq,ref are the measured and reference currents,

respectively. Comparing (2) with the standard second-order

characteristic equation and assuming that kibkp, the damping

�
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Q
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Fig. 2. Simplified block-diagram of (a) CHC, (b) VOC and (c) PR-based control of

single-phase grid-tie converters.
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ratio (z) and the natural frequency (on) are calculated as

z¼
kpþR

2
ffiffiffiffiffiffiffi

kiL
p ð3Þ

on ¼

ffiffiffiffi

ki
L

r

ð4Þ

Hence, the current controller gains will be designed as

kP ¼ 2zonL�R ð5Þ

ki ¼ Lo2
n ð6Þ

Obviously, the choice of controller gains is a compromise

between the stability margin and the dynamic performance.

2.3. PR-based control [32–39]

It is well-known that, in spite of its popularity, a PI controller is

not able to track a sinusoidal reference without the steady-state

error (both magnitude and phase). Also it suffers from the poor

disturbance rejection capability. Consequently, it is not common

and not recommended at all, to employ a PI controller with ac

signals.

To overcome the aforementioned problems of conventional PI

controllers in the stationary reference frame, some complicated

control structures are proposed. The most recent is based on the

type III compensator [59] with the transfer function of

GðsÞ ¼ k
ðsþz1Þðsþz2Þ

sðsþp1Þðsþp2Þ
ð7Þ

As the CHC method, it is also performed in the stationary

reference frame and no coordinate transformation is needed in

the current control loop. As shown in (7), the controller has three

poles and two zeros with one pole placed at the origin. Two zeros

are located around the fundamental frequency to compensate the

drop in phase, and two poles are used to attenuate the high

frequency disturbances. Yet, with the added complexity, no

satisfactory improvement in the steady-state performance and

harmonics rejection is obtained.

A successful method for current control of grid connected

converters in the stationary reference frame, is the proportional-

resonant (PR) based control. The transfer function of a PR

controller is as

PRðsÞ ¼ kPþki
s

s2þo2
f

ð8Þ

where kp and ki are the proportional and resonant gains, respec-

tively, and of is the fundamental frequency. As clear in (8), unlike

the PI controller which has a very high gain at the zero frequency,

the PR controller provides such a high gain around the funda-

mental frequency of the ac system (resonant frequency), assuring

a zero steady-state error when regulating sinusoidal signals.

Ideally, other frequencies are not affected. So, it exhibits an

exceptional ability to compensate voltage harmonics in a selec-

tive way. For this purpose, the basic PR controller of (8) can be

easily extended by adding more resonant terms tuned at the

desired harmonic frequencies (nof), as

PRðsÞ ¼ kPþki
s

s2þo2
f

þ
X

n ¼ 3,5,...

kn
s

s2þðnof Þ
2

ð9Þ

where kn is the resonant gain at the nth-order harmonic. Besides

its simplicity, the system dynamics is almost not affected by the

harmonic compensation terms. It is an interesting feature of the

PR controller and makes it a promising candidate for the applica-

tions where high system dynamics and harmonics compensation

are required at the same time.

On the other hand, despite its simplicity, ease of low-order

voltage harmonics compensation, and high dynamics, the PR-

based control has several disadvantages, such as sensitivity to

system frequency variations, and great sensitivity and possibility

of instability to the phase shift of current sensors.

2.3.1. PR-based design considerations

Again, with 1/(LsþR) as the converter model in Fig. 2(c), the

closed-loop transfer function of the current loop can be obtained as

iðsÞ

ia,ref ðsÞ
¼

kps
2þkisþkpo2

f

Ls3þðkpþRÞs2þðkiþLo2
f
ÞsþðRþkpÞo2

f

ð10Þ

where i and ia,ref are the measured and reference currents, respec-

tively. Due to the high complexity of the closed loop system,

introduced by the PR structure, the controller design is not as

straightforward as the procedure used for the system described by

(2). In practice, simulation techniques are used to determine the

values of the proportional and resonant terms. As some general

guidelines, the integral gains determine the control bandwidths

centered at the relevant harmonic frequencies. The integral gains

should be minimized to ensure that each resonant term does not

affect other frequencies. However, these gains may be oversized

according to the expected fundamental frequency variations. Also,

the proportional gain, kp, has the same function as the proportional

term in the PI controller.

On the other hand, the highest order harmonic (nmax) which

can be included in the harmonics compensation network must

have a frequency enough smaller than the crossover frequency of

the open loop system. The crossover frequency is mainly

determined by kp and is restricted by the required stability

margin. In most applications, the maximum accessible crossover

frequency limits the compensation terms to fifth or seventh-order

harmonics.

3. An overwiew of fictitious phase generation techniques

The single-phase circuit has one phase conductor with a

neutral return. In order to extend the stationary (ab) or synchro-
nous (dq) reference frame control strategies to single-phase

systems, at least two orthogonal signals are necessary. So, a

second fictitious phase should be properly generated to model a

single-phase circuit as an equivalent virtual two-phase circuit.

In the literature, there are several successful works for gen-

erating the fictitious phase including the transport delay [54],

Hilbert transformation [55,56], all-pass filter [57], and SOGI [58]

methods.

In the transport delay method, shown in Fig. 3, a phase shift of

901 with respect to the fundamental frequency of the input signal

is realized through the use of a first-in-first-out memory, with the

delay adjusted to one fourth the number of total samples of a

cycle of the fundamental frequency. This method is simple

and can be readily implemented by digital controllers without

the need for tuning any parameters. Due to one quarter cycle

delay in the second phase, the controller cannot respond to

changes in the system immediately. Poor performance in the

presence of frequency fluctuations is other major drawback of this

technique [58].

x

π/2ω delay 

x�

x�

Fig. 3. Transport delay method to generate the fictitious phase signal.
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The Hilbert transformation is defined as (11), where P is

Cauchy principal value.

xbðtÞ ¼
P

p

Z 1

�1

xðtÞ

t�t
dt ð11Þ

Due to great sensitivity to input disturbances and frequency

fluctuations, it has found no industrial acceptance. On the other

hand, the original transformation shown in (11) brings noncaus-

ality and is not practically realizable. The modifications proposed

for Hilbert transformation are mainly based on finite impulse

response (FIR) and infinite impulse response (IIR) filters which

their implementation imposes a high computational burden on

the control system [60].

An all-pass filter (APF) approximates the response of the

Hilbert transformation and can be easily implemented in discrete

platforms and has been proven to be an attractive solution.

Usually the second phase is implemented by using a first-order

APF with the following transfer function

HðsÞ ¼
of�s

of þs
ð12Þ

where of is the fundamental angular frequency.

A recently developed technique, illustrated in Fig. 4 is based on

the second-order generalized integrator (SOGI) which besides its

simple structure provides filtering. The gain k is adjusted accord-

ing to the needed level of filtering and xa is the filtered x. It should

be noted that a proper filtering of the grid voltage brings a clean

template for synchronization and power calculations. However,

an extensive filtering of ac current may cause external distur-

bances (such as line and load disturbances) do not effectively

contribute to the closed loop current control system. This can

result in a poor tracking and disturbance rejection performance

under distorted grid conditions and degraded dynamic response

or even instability at transients.

Apparently, all fictitious phase generation techniques are

frequency dependent, so problems can occur when the grid

frequency has fluctuations. Usually these techniques receive a

frequency feedback from the PLL block to boost the performance.

4. An overwiew of single-phase grid synchronization

techniques

A lot of synchronization techniques, for both single-phase and

three-phase applications, are available in the literature [61].

Thanks to their simplicity, robustness, and effectiveness, the

phase locked loops (PLLs) are the most accepted ones. Generally

speaking, a PLL is a closed loop feedback control system, which

synchronizes its output signal in phase, as well as in frequency,

with the fundamental component of the grid voltage. Among

various techniques, currently, the synchronous reference frame

PLL (SRF-PLL) is more employed. As illustrated in Fig. 5 the main

difference between different single-phase SRF-PLL structures is in

how the fictitious phase generator in the phase detector block is

implemented. Accordingly, single-phase PLLs are mainly divided

into the transport delay-based, Hilbert transformation-based, all-

pass filter-based, and SOGI PLL [58,62–65]. In Fig. 5, a feedforward

of the nominal value of the fundamental frequency, denoted as

off, reduces the control effort and improves the transient perfor-

mance especially at start-ups.

In spite of a simple structure, the transport delay-based PLL

provides a good synchronization capability in the case of ideal

sinusoidal voltages. However in presence of harmonic compo-

nents, its performance is highly degraded. The Hilbert transfor-

mation-based PLL as well as the all-pass filter-based PLL provides

some kind of filtering and consequently presents a better harmo-

nics rejection performance. The inverse Park PLL [66], illustrated

in Fig. 6, and the SOGI PLL which uses the SOGI block for the

fictitious phase generation [58] are two advanced single-phase

PLLs with promising features including ease of implementation,

robustness against disturbances, and frequency adaptive perfor-

mance. Despite the wide acceptance and use of these two PLLs,

the tuning of their parameters is not straightforward and is a

trade-off between the bandwidth and the robustness and usually

depends on the intended application [67,68].

Fig. 4. SOGI method to generate the fictitious phase signal.

Fig. 5. Block diagram of a single-phase PLL (usually referred to as the synchronous

reference frame PLL).

Fig. 6. Block diagram of the inverse Park PLL.

Table 1

System parameters.

Parameter Value

Nominal power (kVA) 1

DC link voltage (V) 200

Grid voltage (Vrms) 70

Grid frequency (Hz) 50

Filter inductance (mH) 3.7

Filter resistance (mO) 250

Sampling frequency (kHz) 5

Switching frequency (kHz) 5

Fig. 7. Block diagram representation of the first-order APF (Eq. (12)).
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5. Performance comparison

Computer simulations in MATLAB/Simulink were conducted

for all three current control structures in order to present a

performance comparison under different situations. Also, experimen-

tal verifications have been performed based on a TMS320F28335

digital signal controller from Texas Instruments. The block diagram of

the studied single-phase grid connected converter is shown in Fig. 1.

Fig. 8. Steady-state waveforms (Pref¼1000 W,Qref¼0): (a) ac current (5 A/div), (b) active power (100 W/div) and (c) reactive power (100 VAR/div).

CHC (fs = 5 kHz) CHC (fs = 30 kHz)

VOC PR

Fig. 9. Experimental steady-state waveforms (Pref¼1000 W,Qref¼0); Ch1: grid voltage, and Ch2: ac current.
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In simulations, the dc link is replaced with a constant dc supply and

in experimental, a Chroma 6260 DC power supply is used to provide

the constant dc link voltage. The current controller is picked from the

structures demonstrated in Fig. 2. System parameters are the same

for all studied control systems and are summarized in Table 1. A first-

order APF, Eq. (12), is used for fictitious phase generation (if

necessary) and for synchronization. The realization of Eq. (12) is

shown in Fig. 7. To ensure the discrete accuracy, the trapezoidal

method has been used for discretizing the continuous system in both

computer simulation and experiments. Experimental results are

obtained with the same parameters used in simulations. For the

CHC method, the hysteresis bandwidth is selected such that the

desired average switching frequency is achieved at the nominal

conditions. The average converter switching frequency fs is defined

as fs¼Ns/Tf, where Ns is the number of switching operations for one

leg of the converter in one fundamental period (Tf).

5.1. Steady-state and transient performance

The steady-state waveforms, the ac current trajectory and

harmonic spectrum are presented in Figs. 8–11. The steady-state

waveforms of the VOC and PR show superiority in providing more

precise current control with less harmonic distortions (THDi) as

well as more accurate regulation and less oscillations in the active

and reactive powers. Figs. 8 and 9 show good agreement between

simulations and experimental results. As it can be observed in

Fig. 10, the ac current and its fictitious component retain the

required circular shape of the trajectory. From Fig. 11, as it was

expected, the VOC and PR have a similar harmonic spectrum.

In the case of CHC, an acceptable performance is only achieved

when the hysteresis bandwidth is quite narrow. This narrow

bandwidth translates to a high average converter switching

frequency (fs) and increased switching losses. For such a high

average switching frequency, the CHC control quality is compar-

able to the VOC and PR techniques. Comparing Fig. 11(a) and (b),

one can conclude that the current harmonics are mainly at

multiples of average switching frequency and sampling fre-

quency. When 4the narrower the hysteresis bandwidth is, the

higher is the average switching frequency, better THDi is obtained

and less low frequency harmonics are propagated to the ac

source. These are at the expense of increased switching losses

and EMI problems.
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Fig. 10. AC current trajectory in steady-state and during one grid cycle (Pref¼1000W, Qref¼0): (a) CHC (fs¼5 kHz), (b) CHC (fs¼30 kHz), (c) VOC and (d) PR.
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Fig. 11. AC current harmonic spectrum (Pref¼1000 W, Qref¼0): (a) CHC (fs¼5 kHz), (b) CHC (fs¼30 kHz), (c) VOC and (d) PR.
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Figs. 12 and 13 show the responses of the three control

structures to various step changes in the active and reactive

power references. It can be seen that the decoupling control of the

active and reactive powers is slightly better for the VOC with the

decoupling feedforward terms.

5.2. Effect of switching frequency and filter inductance on THDi

Voltage source converters are connected to the grid through a

passive filter to suppress high frequency switching ripples. A

simple inductor is the most common form of a passive filter

0 0.02 0.04 0.06 0.08 0.1 0.12

PR

VOC

CHC (fs = 30kHz)

CHC (fs = 5kHz)

i (A)

Time (s) Time (s) Time (s)

0 0.02 0.04 0.06 0.08 0.1 0.12

P (W)

0 0.02 0.04 0.06 0.08 0.1 0.12

Q (VAR)

Fig. 12. Transient response for step changes of active and reactive power references from 500 W (VAR) to �500 W (VAR) at 0.02 s (0.07 s): (a) ac current (4A/div),

(b) active power (200 W/div) and (c) reactive power (200 VAR/div).

CHC (fs = 5 kHz)

VOC

CHC (fs = 30 kHz)

PR

Fig. 13. Experimental waveforms for transient response for step changes of active and reactive power references from 500 W (VAR) to �500 W (VAR) at 0.02 s (0.07 s);

Ch1: grid voltage, and Ch2: ac current.
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utilized for the grid integration of power converters. By increasing

the switching frequency, the switching ripples transfer to higher

frequencies and consequently a smaller inductance is needed to

mitigate them. The switching losses limit the maximum allowed

switching frequency, while the fundamental voltage drop limits

the size of filter inductance. When designing a grid connected

converter, there should be a satisfactory tradeoff between the

maximum switching frequency and the size of the filter induc-

tance to comply with standards, such as IEEE519 [69].

In this subsection, the effect of switching frequency and filter

inductance on the ac current total harmonic distortion for three

different control strategies is studied. The results are summarized

in Fig. 14. Obviously, both filter inductance and switching

frequency have considerable impact on the THDi. In the case of

CHC, the converter average switching frequency should be very

high in order to sufficiently attenuate the converter harmonics.

From Fig. 14(b) it can be concluded that for small switching

frequencies, the VOC has a better performance in the term of THDi

compared to the PR.

5.3. Effect of distorted line voltage on THDi

If the grid voltage is harmonically polluted which is the case

for most of distribution networks, the current controller should

be, to some extent immune, to the grid voltage harmonics which

are mainly the 3rd and 5th in single-phase systems. In this study,

5th harmonic is imposed on the fundamental frequency voltage

waveform. The results for three control strategies are depicted in

Fig. 15. Again, the VOC, especially for higher harmonic penetra-

tions, provides lower THDi values. If the application demands for

more immunity to the grid voltage harmonics, more resonant

terms can be readily added to the basic PR control structure as

illustrates in (8). In this study, harmonic compensators (HCs)

tuned at 3rd, 5th, and 7th harmonics are utilized. Although simple

in principle and easy to realize, this solution can significantly

improve the THDi in the presence of background voltage distor-

tion, as illustrated in Fig. 15.
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5.4. Effect of current measurement error

In a real application, due to some practical issues such as

signal acquisition and filtering, A/D distortions, scaling errors, etc.,

phase shift and magnitude errors may occur in the measured ac

current. To study this problem, it is assumed that the measured

current have both amplitude deviation, denoted by k, and time

delay, expressed by t, with respect to the real current, as stated

in (13).

imeasðtÞ ¼ kirealðtþtÞ ð13Þ

The performance of CHC (fs¼30 kHz), VOC, and PR control

systems considering the measurement error in the ac current is

investigated for different values of k and t and results are

presented in Fig. 16, in which Serror (%) is defined by

Serrorð%Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðP�Pref Þ
2þðQ�Q ref Þ

2

P2
ref þQ2

ref

v

u

u

t � 100 ð14Þ

Clearly, the effect of amplitude error is not substantial, while the

time delay (equivalent as a phase shift in the frequency domain)

significantly affects the performance. The CHC is more robust than

others against the phase shift in the measured current. Even with

considerable long time delays, which are not likely in practical

applications, the system remains stable; however the power regula-

tion error increases drastically. The VOC can also tolerate a long delay

as 0.5 ms and beyond this it becomes unstable. The PR presents great

sensitivity and becomes unstable evenwith a very small time delay in

the measured current.

6. Conclusions

From the above conducted studies, one can conclude that

if wisely designed, both VOC and PR present similar steady-state

and transient performances and can successfully achieve accurate

regulation with fast dynamic response with minimum overshoot

and harmonic distortions. The same performance can be achieved

with the CHC only when the average switching frequency and as a

consequence the switching losses are quite high. On the other

hand, in spite of three-phase systems, where the instantaneous

powers are regulated, the controlled variables in single-phase

converters are the average powers, so the overall control system

including the power and current control loops has a relatively

slow dynamics. Therefore, the high dynamic, characterized as the

main advantage of the CHC in three-phase applications, does not

anymore represent any efficiency in a single-phase system with

slow dynamics. On the other hand, for low switching frequencies

or disturbed line voltages, the VOC shows a better performance

in terms of THDi. A promising feature of the PR control is

its flexibility for selective harmonic compensation, especially for

low-order harmonics, which makes it an ideal solution for the

applications where high system dynamics and harmonics com-

pensation are required at the same time. A comparison among

all studied techniques is presented in Table 2. It is generally

concluded that, the PR-based technique is an interesting

alternative of the VOC for single-phase grid integration of small-

scale renewable energy sources. The most important concern

about a PR controller is its great sensitivity and possibility

of instability to the phase shift of current sensors. To overcome

this problem, high bandwidth current sensors should be utilized

with a PR controlled converter. Also, phase shifts in the monitored

ac current, mainly introduced by low pass filters, should be

properly compensated prior to feeding the current to the

controller.
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