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1 | INTRODUCTION

Abdelhammid Kherbachi’ |

Aissa Chouder’ | Hafiz Ahmed* |

Abstract

This paper develops an advanced scheme, modelling, and analysis of power flow control
intended for grid-connected droop-controlled VSIs within a single-phase microgrid (MG).
The proposed control scheme includes a power calculation method based on an enhanced
second-order generalized integrator frequency-locked loop (ESOGI-FLL). Contraty to the
existing power calculation methods that use low-pass filter (LPF) with a low cutoff fre-
quency to reject the grid voltage distortion and achieve average power, which may result in
reducing the power calculation speed, the involved ESOGI-FLL can offer a fast transient
response and benefits from high filtering capability of sub- and low-order harmonics. In
addition, the ESOGI-FLL provides total rejection of the DC offset, which is another issue
that may adversely affect the accuracy of the traditional methods. Thus, this proposal can
contribute to improving the speed and accuracy of the power computation and make the
power calculation scheme immune to DC disturbance, thereby enhancing the performance
of the power control. On the other hand, a dynamic phasor modelling approach is adopted
considering the dynamics of the ESOGI-based power calculation, instead of the LPF trans-
fer function used to describe the power computation dynamic in the related works. The
small-signal model of the grid-connected VSI power flow considering the line impedance
R/X ratio as well as that describing the dynamics of the ESOGI-based power calcula-
tion are derived. Using these models, the closed-loop model of the grid-interactive inverter
including the power controller dynamics is obtained. The system stability is assessed, which
helps to determine propetly the controllet’s gains. A simulation study of a grid-connected
VSl1 is carried out in MATLAB/Simulink™ and PSIM’s processor in the loop (PIL) plat-
forms to assess the effectiveness of the proposed control approach. The results confirm
the effectiveness of the proposed control to regulate real and reactive powers with good
transient performances when the grid is subject to several working conditions.

the inverters can act as a current soutce (i.e. grid-feeding)
or as a voltage source (i.e. grid-forming). Operating a power

Nowadays, microgrids (MGs) paradigm is seen as an interesting
concept and an effective way of integrating renewable energy
sources within a wide distributed generation (DG) scheme
[1-3]. Thanks to the development of power electronic compo-
nents and power converter topologies, and on the other hand
the availability of digital signal processors incorporating dedi-
cated units, the implementation of islanded and grid-connected
micro-grids, including renewable energy sources, has become
possible and manageable [4, 5]. During grid-connected mode,

inverter in grid-forming mode using the droop control strat-
egy has recently seen much focus as the transition between the
grid-connected and islanded operating modes does not requite
control reconfiguration and the MG can seamlessly discon-
nect from the grid [6, 7]. In such a control mode, the main
objective is to ensure proper active and reactive power flow
between the inverter and the utility grid. However, the actual
measured active and reactive powers are mandatory when the
droop control strategy is adopted. Unfortunately, the commonly

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the
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applied method for power calculations in droop-controlled grid-
interactive inverters is based on a low-pass filter (LPF) to
achieve the average power. The major drawback of this method
is the lack of speed since an LPF with a low cutoff frequency
is required to reject the undesirable distortions [8]. This issue
may degrade the control performance, thus threatening the cor-
rect operation of grid-connected inverters. On the other hand,
in most of the related research papers that have addressed
the modelling of grid-interactive droop-controlled inverters,
the LPF transfer function is generally adopted to describe the
dynamics of the power computation. Such an option might not
be valid for single-phase systems, where the estimation dynamic
of the components requited for power calculation should be
considered. In this regard, considering an advanced control
scheme, effective modelling, and stability assessment of droop-
controlled grid-tied inverters with enhanced power calculation
methods and taking into consideration propetly its dynamics
should be addressed.

In droop-controlled inverters, the active and reactive pow-
ers are generally calculated in the a8 frame by using the voltage
and current orthogonal components (748, 7xg) [9]- These com-
ponents are obtained through the absto-af transformation in a
three-phase system, whereas in a single-phase system, an addi-
tional unit is required for generating the quadrature component
(). The extraction of the average active and reactive powers
is performed by an LPE, with a low cutoff frequency, which
filters out the inherent oscillation power component resulting
from power calculation [8—10]. However, the use of such a fil-
ter may decrease the velocity of the power calculation, hence
degrading the transient performance of the droop control. To
deal with this issue, the authors in [11] have adopted a real-
time integration method, instead of using an LPE, to obtain
the average power in a three-phase grid-tied inverter. In [12],
a band-pass filter (BPF) has been considered for power cal-
culation for a droop-controlled single-phase inverter. Another
effective solution that has been used for power computation in
single-phase systems is the second-order generalized integrator
frequency-locked loop (SOGI-FLL) method [13-16]. Although
this method has provided an improvement in the droop control
dynamic response in terms of speed and accuracy, the pres-
ence of the DC disturbance, which may appear in the grid
voltage and current, might degrade the performance of the
orthogonal component estimates, hence threatening the power
calculation accuracy. To overcome such a problem, advanced
methods based on SOGI-FLL, such as enhanced second-order
generalized integrator frequency-locked loop (ESOGI-FLL), n-
SOGI, and pre-filtering-SOGI, are proposed in the literature
to deal with the DC-offset issue and improve further the per-
formance of the power calculation [8, 17]. These methods
have shown their effectiveness in terms of power computation
with high accuracy, fast transient response, high harmon-
ics, and DC components rejection capabilities as well as low
computational burdens. Nevertheless, the application of such
methods has been considered only for droop-controlled invert-
ers within islanded microgrids, whereas for droop-controlled
inverters operating in grid-connected mode, they have not been
applied yet.

On the other hand, the modelling and stability assessment of
grid-forming inverters have been addressed in several research
works [11, 18-21]. For instance, in [11] and [18], a small-signal
model and stability assessment of a single-phase inverter con-
nected to the main grid has been provided. The authors in
[19] have addressed the small-signal modelling and analysis of
a droop-controlled inverter operating in grid-tied mode. Fur-
thermore, the small-signal modelling of a grid-forming inverter
in single-phase MG has been adopted in [20] and [21]. How-
ever, in these modelling approaches, the authors often consider
the assumption that the line impedance is highly inductive,
then assuming its corresponding resistance negligible. Such an
assumption might be valid for systems with high transmission
lines, but in DG systems, it is not a valid assumption. In this
regard, the modelling of grid-forming inverters taking into con-
sideration line impedance with R/X ratio has been adopted in
the literature. For instance, the authors in [22] and [23] have
modelled a single inverter interfaced stiff grid taking into con-
sideration the R/X ratio. In addition, a state-space model of
a single-phase droop-operated grid-tied inverter considering a
complex line impedance is presented in [24]. Further, mod-
elling and stability assessment based on dynamic phasors for
droop-controlled inverters has been addressed in [25] to achieve
a precise mathematical model by considering the R/X ratio.
Moreover, in [26] dynamic phasors-based modelling approach
for droop-controlled grid-tied inverters has been developed tak-
ing into account a complex line impedance. In all the stated
works, a first-order transfer function of the LPF is introduced
for describing the power calculation dynamics. However, in
single-phase systems, such a concept might not be valid since
the dynamic of the orthogonal component estimate should
be considered. As a result, the accuracy of the detrived mod-
els may be questionable, and the stability of the system is
compromised.

To deal with the aforementioned issues, the design of an
advanced control scheme, modelling, and analysis of droop-
controlled grid-connected inverters-based MG ate developed in
this paper. The following contributions are made in this paper:

* An advanced control scheme of the power flow which
includes an enhanced SOGI-FLL-based power calculation
strategy is designed. The ESOGI-FLL offers a fast transient
response, a total rejection of DC offset capability, effective
filtering of the grid voltage and current harmonics, and a
low computational burden. This makes the power calculation
scheme immune to DC disturbance and leads to improv-
ing the speed and accuracy of power computation, thereby
enhancing the power flow control performance.

* A dynamic phasor modelling approach of a droop-controlled
grid-interactive inverter considering the ESOGI-FLL-based
power calculation dynamics is developed. In this modelling
approach, the state-space small-signal model of the power
flow of a single-phase grid-tied VSI considering power cou-
pling is first derived. Second, the model that describes the
dynamics of the power calculation based on ESOGI-FLL
is extracted and its accuracy is verified. By merging these
models, the small-signal open-loop of grid-connected VSI
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power flow is obtained and its accuracy is assessed through
numerical case studies in the MATLAB environment.

* A procedure for obtaining the closed-loop small-signal model
of the whole system incorporating a proportional-integral
(PI) power controller is established. Thanks to this model,
the system stability is effectively investigated and the power
controllers’ gains are determined.

MATLAB/Sim Power System and PSIM’ PIL simulation
tests are carried out to assess the effectiveness and robustness
of the developed control approach. The obtained results ate
presented showing the performance of the designed controllers
in ensuring proper operation of the grid-connected VSI under
various grid abnormalities.

The rest of this paper is arranged as follows. In Section 2,
the power control scheme proposed based on droop control
for a single-phase grid-tied VSI is provided. The modelling
approach based on dynamic phasors is developed in Section
3. In this section, the state-space model of the power flow
and dynamic of the ESOGI-FLL-based power calculations are
derived and validated. In addition, the closed-loop model of
the power control-based grid-tied VSI system is obtained. The
investigation of the grid-connected VSI stability and controllet’s
robustness assessment are presented in Section 4. In Section
5, the simulation results and discussion are provided. Section
6 reports the main conclusions of the paper.

2 | PROPOSED CONTROL SCHEME FOR
GRID-TIED DROOP-CONTROLLED VSIs

In grid-connected droop-controlled inverters, an LPF is often
employed to achieve the average active and reactive power
needed by the power controller (or droop control). This concept
may slow down the transient response of the droop control.
In addition, the effect of the DC component that may appear
in the output voltage cannot be also handled by using LPE To
deal with these issues, a power control scheme that includes an
ESOGI-FLL-based power calculation technique intended for
droop-controlled grid-connected inverters within a single-phase
MG is adopted. Figure 1 shows the control scheme including
the proposed power control intended for a single-phase grid-
forming inverter. As shown in this figure, an inverter with an L.C
filter is connected to the main utility grid via a line impedance.
Also, a load is linked to the point of common coupling (PCC),
where the power generated by the DC source through VSI is
injected. The control scheme consists of two essential control
loops. A dual-loop inner controller for regulating the inverter’s
output voltage, in which the inner loop adjusts the current of
the LC filter, and the capacitor voltage is controlled by the outer
loop. This controller provides the inverter voltage reference,r” |
divided by the measured DC source voltage, and the resulted
duty cycle reference, D¥, is then entered into the PWM that
in turn generates the VSI’s switches commands. A proposed
power control, which has a slower transient response compared
to the voltage and current control loops, is responsible for
generating the reference of the output voltage of the inverter

and synchronizing to the main utility grid. This control block
includes two main units: an ESOGI-FLL-based power calcu-
lation unit and power controllers. The ESOGI-FLL, which is
characterized by its simplicity of implementation and DC-offset
rejection and harmonics filtering capabilities [17], is introduced
to estimate accurately the direct and quadrature components of
the inverter’s output current and grid voltage. These estimated
components are used to compute the real and reactive power,
Pand 0, in the aB-frame by using (1). The power controllers are
in charge of regulating the real and reactive power references
according to the corresponding calculated actual powers. Then,
the produced voltage frequency and amplitude, fand | are used
to generate the voltage reference by using a sine generator.

(e X G + By g X Ug)

(Dpep X 7 = By X Ug) 1)

Nl—= NI—=

being Zx,ﬁ and 7, ¢ g the in-phase and in-quadrature phase fun-
damental components of the output current and grid voltage
estimated by the ESOGI-FLL, respectively.

The structure of the ESOGI-FLL is illustrated in Figure 2,
which involves two main blocks, ESOGI and FLL. The ESOGI
consists of a standard SOGI with an LPF for DC component
estimation/rejection. This block is responsible for estimating
the in-phase and in-quadrature phase components of a single-
phase input voltage ». The FLL is in charge of detecting the
centre frequency @ used for the tune of the ESOGI block. The
transfer functions of the in-phasef and in-quadrature phase
without DC-offset,ig, which both exhibit BPFs, and of the in-
quadrature component with DC-offset, g_ ., which exhibit an
LPF are given as follows:

g (5) . 5
G, = = 2
a () v (5) 2+ ks + @2 @
g (5) A (C?)2 —-—w J‘)

Gp(5) = —— = A ——

v (5) s+, 2+ kD +D

aﬁ—dt' (”0 /éoa2

Ga_ = = 4
pac ) v (s) 52+ kds + @2 @

where £ represents the filters’ damping factor, which is selected
as a tradeoff between the time response and harmonics filtering
properties, and @, is the cutoff frequency of the LPE For more
details about the ESOGI-FLL and the dual-loop inner control,
refer to [17] and [6], respectively.

The expression of the real and reactive power controllers can
be written as follows [19]:

w =C0ﬂ_/ép_1) (i)_P*) —/él'_l)/ (j)_P*)df
— kg_p/at” (P —P¥)

E=En—/ep_Q(Q—Q*)—@_(/(Q—Q*)dr ©)
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where &, p, kip, kip, Ky, and kg are the gains of the
power controllers, and P, Q, P*, and O are the estimated
real and reactive powers by the ESOGI-based power calcula-
tion block, and their references (* refers to the reference value
of a variable). And w, E, w,, and £, denote the frequency
and amplitude of the inverter output voltage and their nominal
values, respectively. In addition, the schematic diagram of the
active and reactive power controllers’ implementation is shown

0
3.
(-

PI Controller

Schematic diagram of: (a) the proposed power control scheme for a single-phase grid-tied inverter, and (b) the active and reactive power controllers

in Figure 1b, in which the PID and PI controllers are considered
for the active and reactive power control, respectively.

In such an operating condition, the grid will determine the
frequency of the inverter so that this action will change the
power angle. A similar procedure can be considered for the reac-
tive power according to the voltage inverter amplitude 7. It is
worth noting that, when the islanded mode occurs the inverter
is disconnected from the main grid for safety, and the integral
gains of the power control are set to zero. This control strategy
contributes to allowing a smooth transition between grid-tied
and autonomous operation modes.

To study the stability of the grid-tied inverter-based MG
incorporating power control as well as determine properly the
parameter of the power controller, a mathematical model is
needed. Thus, in the next section, a modelling approach based
on dynamic phasors is proposed to extract the expected model.

3 | PHASOR MODELLING OF A
GRID-TIED DROOP-CONTROLLED VSI

This section focuses on developing a small-signal model of a
grid-tied single-phase inverter controlled by the droop method,
by using the dynamic phasors. The block diagram of the whole
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system model is shown in Figure 3. According to this figure,
the system model involves the droop control functions, the
model of the line impedance that describes the changes of the
frequency and amplitude at the AC bus, and the ESOGI-FLL-
based power calculation dynamics. In addition, it includes the
model of the dual-loops current and voltage controllers of the
inverter, which are considered negligible due to their higher
bandwidth than the droop controller. To achieve the expected
small-signal model of the overall system, the modelling of each
stage within the system under study is developed hereafter.

3.1 | Mathematical expression of the power
flows through the line impedance

Figure 4 illustrates the simplified circuit of a VSI linked to the
main utility grid via a tie line impedance. The VSl is represented
by a controlled AC source where harmonic content is negligible.
The grid is modelled as an independent voltage source (1,£0).

According to this circuit, the complex power S injected into
the grid is given by the following expression :

V20— Ezp

S=9,X7=1,20
v, X1 f < Z(g45

) =P+0 (©

where 7is the injected current into the main grid, ¢ is the phase
angle of the inverter voltage, Z and § are the magnitude and
phase of the line impedance, j defines the imaginary operator
of a complex number, and ~ denotes the complex conjugate
operator, respectively.

To obtain the mathematical formulation of the complex
power (or the real and reactive powers), the first expression

in (0) is used, in which the expression of the line impedance
current, 7, should be determined first.

Based on the equivalent circuit given in Figure 4, the electrical
equation relating the invertet’s voltage » (7) to the output current,
i(#), and the grid voltage, 7,(2), can be derived in the time domain,

as follows:
. di?)
v(t) = rp(t) + Le7 +2,(%) @)
where 7, and Z,, are the resistive and inductive components of

the line impedance, respectively.

In the phasor domain, a sinusoidal voltage »() =17 X
cos(w? + 0); with amplitude 1 angular frequency w, and initial
phase 6, can be represented by [26]

o) = V2Re {17,/ } ®)

where 17, is the phasor voltage in the rotating reference frame

(dg), given by

1 .
V= —V° )

RV

By applying this concept, (7) can be rewritten in dg-frame,
after some mathematical manipulation, as follows:

dl,
— + L@l + Viy, (10)

Edq = ’Z{[dq +Lg dl‘

Consequently, the expression of the line impedance current
({4y) in the s-domain, where s is the Laplace operator, can be
described by

B‘d/] (J) - V—dq (‘f)

_ (11)
Lys+r+ /L0

]tz’q (‘f) =

On the other hand, the grid voltage 17,4, and the inverter’s
output voltage £, in dg-frame can be defined in the time
domain, considering the power-invariant Park transformation

[27], as follows:
E, = \/EEL
dg — 5 ®

3
Vi = /2170

Accordingly, the expression of the line impedance current can

(12)

be obtained, in the s-domain, as follows:

. 3 (Ep—1,20) (Lys+r,— jL@
i(s) = z( & - g g g ) (13)

(’g + ]‘g‘) + (1140))2

By substituting the expression of the line impedance current
(13) into (6), the expressions of the real and reactive power can
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be obtained as follows: representation as
( 3 Lys+r, _ :
P=3 gz < 5 (VE cos (p) = 177) 0 1 0 0
(Lg.r + rg) + (ng) X4 5
3 Lw . - <—> +@? ) — <2—> 0 0
+3 > >V E sin (@) Ml L b
(Zg+7) + (L0) % 0 0 0 !
2 , (14) 2
3 @ % Y —(2&
ISR C ()
(Lys+7) + (L) ] ]
3 L+, I
-2 (2 : 2 U sin @) w1 [0 o
L (]‘gf + Q) + ([‘gw> A X I_Z 0 "y
+
ol [0 0|l
For the sake of simplicity, (14) can be rewritten as follows: %, 0 IL
X1
pe Rt Ly N L0 Pl |rw o L||5
- 2 272 2 2" =
(1 + Lps) " + (L) (r+ Les) + (L) O | Ly L 0 |[x
P
Ly (r+Ly) =
L= 2 22~ 2 2" 19)
(’:g + L ) + (lgw) (’fg + Lys ) + (ng) where (x) and (¥) denote the first derivate and the second
(15) derivate of state vector x, respectively.

with

(VEcos(@) —12)  (16)

NS ON

3
m=3VEsin@), un=

On the other side, the real and reactive power (15) can be
defined in a matrix form as a function of a state variable x as

lP] l Lo  Lgs+ r{| lx]]
= ° ° ° (17)
o —(Lys+r) Lo X2

in which the expression relating the state variable x to the vector

follows:

# can be given by

0
X1 1 12 m
X ", ) b2 [ 0

By merging (17) and (18), the mathematical model of the
real and reactive power flow can be presented in state-space

By linearizing (19) around the equilibrium points, £, ¢,,,

and 17, the state-space small-signal model of the real and

reactive power flow can be obtained as follows:

0 1 0 0
[ A | )
— L 2 ) (2L
At <(> +w> <2) 0 0
Ak, 0 0 0 1
2
A%, ] 0 0 —((—) +w2> —(2i>
L, L,
[Ax,] [0 O
. ki kip
3| Axy = 7z ||Ae
+ 4 4
Ax;, 0 0 [|AE
Axy
AP |Law 0 1 L||Ax
AQ =1, =L, Lw 0 |[Ax,
Ax,

(20)
where A represents the small vatiation of a variable from the
equilibrium point, and the parameters £&;,, &5, £27, and £, can
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be determined according to the following equation:

[Au1 ] R A Ap
36pf]A”2 /é21 /ézz AE
B EV Eeq cos ((peq)
24 —Efq sin (qoeq)

sin ((peq) Ag o
cos (qoé,q) AE
In addition, based on (16), the values of the equilibrium

points, Z,, and ¢, can be calculated by using the following
expressions:

At 2”117
P, = Ara _— ],
v ¢ 215, + 317

2 2
, 2”1;/ 2”211
) ) o

where the expression of the vector #, at the equilibrium point,

as a function of P* and O* can be determined according to (17)
and (18), after setting s to zero, as follows:

-1
"y, 5 2 LgCO 7’(‘€ ] lp*]
=2+ (Lo 23)
L’Zﬂ] L ) ] l_’g L o

The state-space small-signal model given by (20) expresses
the dynamics of the real and reactive power flow to change in
the voltage phase angle and magnitude inputs considering the
R/X ratio of line impedance Z,.

The second model that should be derived is the one that
describes the dynamics of the power calculation based on the
ESOGI-FLL method.

3.2 | Modelling of the ESOGI-FLL-based
power calculation

As mentioned earlier, the average real and reactive power are
calculated by using the ESOGI-FLL outputs cortesponding
to the fundamental component. The block diagram of the
power calculation model including the ESOGI-FLL dynamics
is presented in Figure 5.

It is well known that the real and reactive power correspond-
ing to fundamental frequency, taking into consideration 1, ; as

a reference in the rotating reference frame (i.e. I, = 0), can be
defined as follows [28]:

]A) = I/g—d de
R R 24
L=—Vea X,

being /;and /, the output current direct and quadrature compo-
nents and 1, ; is the direct component of the grid voltage given
in (12).

According to (24), the estimated powers are expressed by
the current estimates of the ESOGI-FLL, and their dynam-
ics should be derived. To achieve these dynamics, the same
mathematical analysis based on the dynamic phasor modelling
presented in [29], for obtaining the mathematical model that
describes the voltage estimate of the SOGI, is considered.
Hence, based on the transfer functions ofigandig_ estimates
given by (2) and (4), the expression of the estimated orthogonal
components of the output current can be obtained in a rotating
reference frame as follows:

1 [ + kws® + 20°5 + k0| |1
N - . 25)
1 [s (s + Aw)]” + [w 25 + £w)]” |4

This expression stands for the dynamic of current estimation
based on the ESOGI-FLL.

Merging (24) and (25), the transfer function relating the esti-
mated real and reactive powet, Pand Q, to the actual ones, P
and @, can be derived, after some mathematical manipulation,
as follows:

. £ X 5+ Bw? X 5+ 2k’ X 5 + Kot
P =
s 2k X 53+ (RRw? + 4w?) 52 + dkwd X s + B2w?

. ko X &+ B’ X 52 4 2kw° X s + Bt
Q=< o

s+ 280 X 52+ (B2w? + 4w?) 52 + 4kwd X 5 + B2wt
(26)
This transfer function expresses the dynamics of the real and
reactive power estimates based on the ESOGI-FLL technique.
where the transfer functions /7, (s) and #7, (s) denote LPFs
of fourth-order, given by
Hy(s) = Hy(s) = H(5)
kO X 5+ K’ X 7+ 2k’ X s + Kot
54 2k X 53+ (FPw? + 4w2) 52 + 4kw3 X 5+ Ew?
27)

To facilitate the modelling analysis and control design, the
transfer function F7 (s5) can be approximated to a first-order
transfer function. By considering the same mathematical anal-
ysis presented in [29], the first-order transfer function that
corresponds to the one given by (28) is

AP 1/2kw
HE)=—=—"1"—_ 28
O =2p= 51200 (28)
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FIGURE 7 Investigating the accuracy of the actual and the reduced models to fvariation

This transfer function defines the reduced small-signal model
of the real power computation dynamics based on the ESOGI-
FLL.

321 |
model

Accuracy assessment of the obtained

To investigate the accuracy of the derived actual and the reduced
models of the real and reactive power computation, given by
(28) and (29), a simulation study in the MATLAB/Simulink ™
is performed considering some standard tests. Figure 6 shows
the test platform simulated in MATLAB, in which, as men-
tioned eatlier, the ESOGI-FLIL-based structure is involved for
real and reactive power calculations. But, as seen in Figure 0,
the inputs actual powers of the obtained models are measured
in the af reference frame by using (1). The abeto-af3 transfor-
mation is applied to generate three-phase signals, and then to
transfer them to the orthogonal af8 components. In this study,
the provided active and reactive powers by the ESOGI-FLL-
based power calculator are compared to the ones predicted by
the obtained models in response to step changes in the input
voltage frequency and amplitude, with an amount of 91/, and
Ow. The transient petformance of the P and Q estimates for
frequency and amplitude changes, respectively, are illustrated
in Figures 7 and 8. As shown, the calculated real and reactive
powers are varied at # = 0.2 s, corresponding to the voltage

frequency and amplitude increase. In addition, one can see
that the scopes of the produced powers by the models are
matched with the provided powers by the power calculation
block. Hence, the actual and the reduced models, as demon-
strated, are able to predict accurately the ESOGI-FLL-based
power calculation average behaviour.

As a result, the obtained models are very useful to be inte-
grated into the power flow modelling for describing the active
and reactive power calculation dynamics.

Note that we use the computation of powets in a three-phase
balanced system (based on the product of harmonic-free volt-
age and current), because it provides constant instantaneous
powers, unlike in the case of a single phase, where it produces
oscillating instantaneous real and reactive powers [30].

3.3 | Open-loop model of the grid-tied VSI
power flow

The open-loop small-signal model is the one that relates the
estimated real and reactive powers to the voltage phase angle
and amplitude. This model, shown in Figure 9, is obtained by
merging the model of the grid-tied VSI power flow, given by
(20), and the approximated small-signal model describing the
power calculation dynamics, given by (29). Accordingly, the lin-
earized open-loop small-signal model of the real and reactive
power is expressed in state-space form, after some mathematical
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sim power system

Schematic diagram of the implemented system in MATLAB

where the parametersay, a,, and a3 are given by

% 2 rg ’ 2
a = —kw/ fg + w- |,
/acur <7:€>
ay = — -— +(JJ
0 L(g
ay = <2— + ka)/Z) (30)

3.3.1 | Model verification

The accuracy investigation of the open-loop small-signal model
of the grid-forming inverter power flow is verified under phase
angle and amplitude voltage variations. In this investigation,
simulation tests are carried out based on the schematic in
Figure 10. The testbed is a single-phase VSI linked to the AC
bus with the power-based ESOGI-FLL block. The transfer
function of the obtained model is implemented in MATLAB
SimPowerSystem ™. The results showing the dynamic perfor-
mance of the estimated powers by the analytic model compared
to the ones delivered by the single-phase VSI power stage are
shown in Figures 11, and prove the model’s accuracy.
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FIGURE 11 Pand Q transient responses for step-change in the voltage: (a) phase angle, and (b) amplitude
| Active power | control (given by (5)) under small variations can be rewritten in
I estimate model | the s-domain as follows:
" |
AP P 2
! H Ap = Cp(s) /s (AP* — AP) (31.)
O .
_ 3 AFE = —CQ ©AQ (31.b)
AP’ <
Active power AP
flow model whete Cp and CQ are defined as follows:
ko ps+ ki_p+ ky_ps®
p—P i—P d—P ko5 tki_g
Reactive Cp(s) = > CQ () = I 32)
AQ" Pmoda || 22 g . o
In addition, by combining and linearizing (17) and (18)
- e = . . . -
i H le ! arouI}d operating points, the expres51or'1 relating the real and
AD 1 [ reactive power to the vector # can be derived as
| Reactive power |
| estimate model ! AP G G Ay
——————— - = X (33)
AQ _GZ Gl A%z
FIGURE 12 Closed-loop small-signal model of the grid-tied VSI
incorporating power control where G1 and Gz are given by
Lgco 7y
G = Gy = (34)

3.4 | Closed-loop small-signal model of
grid-tied VSI incorporating power control

The closed-loop small-signal model of the whole system is
shown in Figure 12. This model consists of the model of the
power flow through the impedance of the line, the dynamics
of the ESOGI-FLL-based power calculation (#7,, , (1)), and the
droop controller (C, , (1))

To obtain the mathematical expression of the closed-loop
model, we assume that the reactive power reference is set to
zero that is, O* = 0. Therefore, the expression of the droop

P+ (Lw) 2+ (Lw)

Merging (34) and (21), the expression relating small varia-
tions of the real and reactive power to the voltage frequency
and amplitude can be defined as follows:

AP
AQ

Gy G| | k11 12| [Ap
= 35)
=G, G| |k k| |AE

On the other side, the mathematical expression describing
the dynamics of the actual powers to the estimated ones can
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be rewritten in matrix form as follows:

lAP] lAP]
| =#H (36)
AQ AQ

By substituting (37) into (306), the expression of the small vari-
ations of the estimated powers corresponding to the phase angle
and voltage variations can be obtained as

AP Gy G |k k2| [Ap
H
AQ -Gy, G| |k Enl| |AE
G G| |Ag
@37

Based on this equation (38) and (32.b), the transfer function
relating the variations of the amplitude to the phase angle can

be represented by

CQGH

AE = ————
(CoC+1)

Ag (38)

By substituting into (38), the transfer function describing
the dynamics of the real power estimate to the phase angle
variations can be given by

CrGrG
AP = (G11 —%)Aso 39

Consequently, the closed-loop small-signal model of the
active power control can be expressed by

ape(c CpGiaGoy
(GG +1)

Cp

X ! AP*

1+ Cp Gy — CL‘/C’QGZl
5 (CyGrn+1)

(40)

This model is useful to study the stability of droop-controlled
grid-connected VSI and for the tuning of the power controllers’
parameters.

4 | STABILITY ANALYSIS, CONTROL
DESIGN, AND ROBUSTNESS
ASSESSMENT

This section investigates the control design-based stability anal-
ysis of the power flow control and the robustness assessment
of the designed controller by using the obtained closed-loop
model.

4.1 | Stability analysis and control
parameters’ tuning

In order to determine the power controller gains, the stability of
the grid-connected droop-controlled VSI is assessed by using
the obtained closed-loop model. The characteristic equation
roots of the actual model (41) are evaluated to power controller
parameters’ vatiations (£.p, £;p, £.p, #5.0, and k. ). The tra-
jectory of the roots of the closed-loop model when the active
powet (£, p, £,.p, #4.p) and reactive power (£, and £, ) control
parameters vary is shown in Figures 13 and 14, respectively. In
these figures, the black arrows depict the poles’ increasing trend
and the red symbol (x) denotes the poles’ initial value. According
to the roots’ plots in Figures 13a, 13b, and 13c, one can observe
that a pair of complex poles move towards the unstable region
as &, p, k;.p, and £, p increase, leading the grid-tied VSI system
to instability issues. Hence, the system is stable as long as &, p,
& p, and &, p are less than the values 0.91 X 107%,0.02, and 1.56
X 1075, respectively. In addition, as shown in Figures 14a and
14b, the increase of &, and £; ¢ shifts a pair of complex poles
towards the positive real region, hence making the system unsta-
ble if £, and ;. are superior to the values 0.0053 and 0.183,
respectively.

4.2 | Robustness assessment

To verify the robustness of the designed power controller, sim-
ulation tests are carried out in MATLAB based on the obtained
closed-loop power flow model given by (41). In this simula-
tion study, the controller is tested against system parameter
variations considering the following case studies:

* Case 1: when the line resistance (7,) varied in the range of 0.1
X SnS5Xrn

* Case 2: when the line inductance (1) vatied in the range of
05X 71,<IL,<10XZ,

* Case 3: the frequency (w) varied in the range of 0.1 X w < @
<2Xw.

It is worth noting that the values of 7,, ,, and @ are initially
set to 200 Q, 2 mH, and 50 Hz, respectively.

The roots evaluation of the closed-loop model characteris-
tic equation when varying the resistance (r,) and inductance
(L) of the interconnected line, as well as the inverter operat-
ing frequency (), is illustrated in Figures 15a, 15b, and 15c,
respectively. According to this figure, it is clearly shown that the
gird-connected VSI system is stable for a specified values range
of the considered parameter. One can observe in Figure 15a
that the system is stable in the range where the line resistance 7,
belongs to the interval of 0.7 X 7, to 4.6 X 7,. While, out of this
range, two poles move to the positive real side of the s-plane;
making the system unstable. One can see in Figure 15b that
when the line inductance 2, values belong to the range of 0.9 X
L,<L,<5XL, the system is stable. Nevertheless, out of this
range, several poles move to the unstable region and as a result,
the grid-connected VSI system stability is questionable. From
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Vst VS side s Grid side TABLE 1 Parameters of the power stage and power control
— 1 1 | LC Filter Line » Poss Qo
| @ jﬂ% TR impedance " ° . — Parameters Symbol Unit Value
vl g A : BN
= :TV | T = V‘T | Power stage
‘ | Grid )
r@ P — i v . Nominal voltage (RMS) E, (RMS) \Y% 220
i | | | NE VE Nominal frequency w, /21 Hz 50
]
! DC bus voltage Voo A 495
Voe i Filter capacitor G uF 23
________ v
[ Filter inductor rs L Q, mH 1,2
BEZ ey e
Inner control gs gl Line impedance of DG #1 Ly, mH, Q 1.5,0.01
=S | o
: SEE Loads (RL1, RL2) Ry, Ly Q, mH 100, 15
I
! : E, Active and reactive power ! ! SOGI-FLL unit
! L control : !
Bt SOGI damping factor K - 0.6
: —1
FIGURE 16 A testbed of a single-phase grid-connected VSI, with the FLL gain r S 40
proposed power control Power control
P proportional gain Ky p - 5% 107
. - . : : -1
Figute 15¢, one can be noticed that when the value of the opet- Pintegral gain kip s 0.0001
ating frequency is changed in the range of 0.6 X w < w < 1.03 P derivate gain kg p - 1.036 x 1077
X @, the system is stable, and else, it indicates unstable condi- O proportional gain kro _ 0.001
tions for the system. Consequently, the obtained results confirm Ointegral gain ki _ 0.05

the robustness of the designed controller versus a wide range of
system parameters.

5 | SIMULATION RESULTS AND
DISCUSSIONS

To assess the proposed control strategy, an H-bridge single-
phase inverter associated with an LC filter to remove high-
frequency harmonics is adopted as a testbed. This inverter
is tied to the utility grid via a coupling impedance as
shown in Figure 16. The utility grid is considered, in this
simulation study, as a voltage-controlled source to mimic
some state abnormalities. The simulation study is con-
ducted under MATLAB/Simulink/SimPowerSystemTM. The
proposed power control scheme is introduced to regulate the
real and reactive power injected into the main grid. The simu-
lation parameters are given in Table 1. To confirm robustness
against DC disturbance which occurs in signal measurements
the value of the DC component in the measurement is set to
0.03 p. u from the voltage amplitude.

The effectiveness of the proposed control scheme is assessed
assuming five representative tests

* Test 1: Sudden change in P*:

* bullet-from 1 to 1.5 kWat /=25

* bullet-from 1.5to 1 kW at =45

* Test 2: Sudden change in O* from 0 to 50 VAR is setat 7= 2
s.

* Test 3: A grid voltage sag of 0.01 p. u (from the grid
fundamental amplitude) form 7= 1.5 to 7= 3 s), is set.

* Test 4: The grid phase angle is changed with the amount of
/100 at 1 =2s.

* Test 5: The proposed controller is assessed in front of load
changes. To this end, an inductive load (RL1) with R = 100

Q and L = 15 mH is suddenly connected on the grid side
at = 1.5 s, and another inductive load (RL2) with the same
value is connected at 7= 3s.

The obtained results given in Figures 17-21 highlight the
main performances of the grid-connected VSI based on the
proposed power control. These figures depict the time evolu-
tion of actual real and reactive powers generated by the VSI and
their references. In addition, they show the frequency, ampli-
tude, voltage, and current of the VSI side and grid side transient
responses. Figures 17a to 17c display the responses to active
power reference change. As shown in Figure 17a, during the
period from 7= 0 to 2 s, the power controller precisely regu-
lates the active and reactive power, P and (), provided by the
invertet to their references, P* and O* (1 kW and = 0 VAR).
Meanwhile, as illustrated in Figure 17b, the inverter frequency
fisr is matched to grid frequency (f,;; = 50 Hz), whereas a
teeny difference between the amplitude of the inverter /-
and the grid (E,;y = 1 p. u, i.e. 220 V (RMS)) due to the line
impedance is observed. Further, from Figure 17c, it can be seen
that pure sinusoidal waveforms of the inverter side and the grid
side voltages (v1, 2,) and currents (717, ,) are obtained. When
changing the active power reference, P¥, at # = 2s, the active
power P successfully tracks the new desired value, as depicted
in Figure 17a. In addition, it can be noticed that a seamless tran-
sient response with a settling time around 0.5 s and without
overshoot is achieved.

Further, it can be seen that the reactive power ( is set to
its reference 0 VAR, with a slight transient when varying the
active power. From Figure 17b, it can be seen that the inverter
frequency fj; changes when P varies, and comes back to
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synchronize with the grid frequency f,;;. While the amplitude
of the inverter, £, remains almost unchanged. Furthermore,
according to Figure 17c¢, the current of the inverter 71 ; increases
as the power demand grows, while the grid current 7, follows
the inverter current (7). in addition, the voltage of the grid
side and inverter side, #, and v, keep their amounts constants.
Further, the injection of proper sinusoidal currents into the grid
is observed, as illustrated in the zoom of Figure 17c. The same
discussions are considered, at # = 4 s, when P* comes back to
the reference value of 1 kW. The results in Figure 18 show the
responses of the proposed power controller to O* step change.

From Figure 18a, one can see that when O changes at 7= 25,
the proposed controller smoothly adjusts the reactive power Q
to its new reference; that is, 50 VAR. This is done with a set-
tling time # = 0.5 s and without oscillations. Meanwhile, P is
fixed to its reference value during all the simulation time even
when O* vary. The transient response presented in Figure 18b
illustrates that the inverter frequency fj; remains unchanged
and matches with the grid frequency f,,;;. Also one can notice
that the voltage amplitude 7 increases with a tinny amount
corresponding to the reactive power change. Further, it can be
noted that the current and voltage of the inverter side and the
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grid side, shown in Figure 18c, almost remain unchanged, with
pure sinusoidal waveforms.

The transient responses of the proposed power controller for
grid voltage dip are shown in Figure 19. When the grid voltage
sag appears duting 7= 1.5 s to #= 2.5 s, Pand () are fixed by the
power controller to their references, but with a slight transient in
P and proper transient in Q, as can be seen in Figure 19a. From
Figure 19b, it can be noticed that the f; remains unchanged,
just with a slight transient when »}; changes. Also the ampli-
tude transient response shows that £ follows the dripped
grid amplitude with a constant error between them. According
to Figure 19c, it can be remarked that voltages of the grid side
and inverter side keep their pure sinusoidal forms, in which their
dips, during this period, cannot be noticed due to their tinny
amount. In addition, one can see that the grid and inverter cur-
rents remain unchanged, just with a transient at the time when
the grid voltage slops.

The results in Figure 20 present the power control perfor-
mance in response to the grid phase jump. From Figure 20a, it
can be observed that the controller forces the inverter to oper-
ate at its desired P¥, in which a transient is noticed when the
grid phase is jumped. Also, we note that the controller fixes the
QO to its reference (0 VAR), just with slight oscillations under
phase jump. The responses given in Figure 20b demonstrate
that f;; varies, when the phase jumps, then backs match with
J;- From this figure, we noticed, also, that £y almost remains
unchanged. Furthermore, from Figure 20c, it can be seen that
v,. Also it can

o

vy remains constant and synchronizes with
be remarked that the currents iy and 4, keep their sinusoidal

forms, just with a noticeable transient during the grid phase

jump. Moreover, the response of the phase angle between the
inverter side and the grid side is depicted in Figure 20d. From
this figure, one can note that there is a tenny constant phase
between the grid and the inverter due to the line impedance. In
addition, it can be noticed that this phase angle varied; when the
grid phase jumped; and then returns to its previous value.

Figure 21 presents the performance of the proposed control
during load variations. Under this operating condition, the pro-
posed controller controls the inverter to inject constant P and
O, to the grid side, corresponding to the desired powers, as illus-
trated in Figure 21a. In addition, it can be seen that the 7, and
0O, of the grid side decrease when the load is connected. This
means that the load consumes a part of the injected power, and
the rest goes to the main grid. According to Figure 21b, it can
be observed that f;¢; and /£ ; remain unchanged, as well as the
inverter sinusoidal current and voltage, »| -, and 7|, depicted
in Figure 21c. Also, from Figure 21c, one can notice that the
current of the grid decreases as the power decreases, and it has
a pure sinusoidal waveform.

6 | PROCESSOR IN THE LOOP (PIL)
IMPLEMENTATION

In this section, PIL simulation on PSIM environment is carried
out to verify the proposed control algorithm. The built system
is shown in Figure 22, where the system control is implemented
on a DSP F28379D card that communicates with PSIM via a
USB/JTAG link. In the PIL simulation, the PC is considered
a virtual machine for emulating the grid-connected LC-filtered
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VSI system implemented in PSIM, while the control algorithm
is running on a DSP pC' [31, 32]. According to Figure 22, the
filter current z}, the inverter output voltage and current, » and 7,
and the grid voltage #, are captured and provided to the DSP
card as inputs, which in turn produces the duty cycle reference,
D*, to the PWM to generate the inverter switches’ commands.
The same tests, as the previous ones in MATLAB simula-
tions, are considered, which happen at # = 1 s. The obtained
results are given in Figures 23 to 27, and they display the tran-
sient responses of the real and reactive power delivered by the
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inverter and their references as well as the voltage and current
of the grid side and inverter side. The presented results show
that the proposed controller can adjust the real and reactive
power delivered by the inverter to their rated values. In addi-
tion, they demonstrate that the proposed controller can ensure
the injection of proper sinusoidal current into the utility grid
under different abnormalities.

7 | CONCLUSION

Advanced control scheme, dynamic phasor modelling, and anal-
ysis of the power control for a single-phase grid-connected
droop-controlled VSI were developed in this paper. On one
hand, a proposed control scheme that involves an ESOGI-
based power calculation was adopted, to improve the power
computation in terms of speed and accuracy, hence, the power
control performance. On the other hand, a modelling approach
based on the dynamic phasors taking into consideration the
dynamics of the ESOGI-FLL-based power calculation was
developed to derive the model of the power control-based grid-
tied VSI. The small-signal model of the grid-tied VSI power
flow as well as that describing the power computation dynam-
ics based on the ESOGI-FLL were derived and their accuracy
was verified. Then, the closed-loop small-signal model of the
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overall system than power control was conducted. By using this
model, the stability assessment is provided in order to deter-
mine the power controllers’ gains. Simulation case studies based
on a built grid-connected VSI system were conducted in the
MATLAB/Simulink and PSIM’s PIL framewotks. The obtained
results corroborated the effectiveness and robustness of the
designed power controller with regard to controlling the real
and reactive power to the desired ones, meanwhile synchro-
nizing with the main grid, under various grid disturbances. In
addition, they reveal that a good transient response of power
control with a settling time around 0.5 s and without oscillations
is achieved. Practical implementation of the proposed control
strategy will be the main focus in future work as well as devel-
oping grid support strategies to address stability issues arising
from the integration of renewable energies to grid utility using
power electronic interfaces.
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