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Abstract: More and more distributed generations (DGs), such as wind, PV or battery bank sources,
are connected to electric systems or customer loads. However, the locations of these DGs are based
on the highest energy that can be potentially harvested for electric power generation. Therefore,
these locations create different line impedances based on the distance from the DGs to the loads or
the point of common coupling (PCC). This paper presents an adaptive virtual impedance (AVI) in
the predictive control scheme in order to ensure power sharing accuracy and voltage stability at
the PCC in a microgrid network. The reference voltage from mismatched feeder impedances was
modified by utilizing the suggested AVI-based predictive control for creating equal power sharing
between the DGs in order to avoid overburdening any individual DG with low-rated power. The AVI
strategy used droop control as the input control for generating equal power sharing, while the AVI
output was used as the reference voltage for the finite control set-model predictive control (FCS-MPC)
for creating a minimum voltage error deviation for the cost function (CF) for the inverter’s vector
switching pattern in order to improve voltage stability at the PCC. The proposed AVI-based controller
was tested using two DG inverter circuits in a decentralized control mode with different values of
line impedance and rated power. The performance of the suggested controller was compared via
MATLAB/Simulink with that of a controller based on static virtual impedance (SVI) in terms of
efficiency of power sharing and voltage stability at the PCC. From the results, it was found that
(1) the voltage transient magnitude for the AVI-based controller was reduced within less than 0.02 s,
and the voltage at the PCC was maintained with about 0.9% error which is the least as compared with
those for the SVI-based controller and (2) equal power sharing between the DGs increased during
the change in the load demand when using the AVI-based controller as compared with using the
SVI-based controller. The proposed controller was capable of giving more accurate power sharing
between the DGs, as well as maintaining the voltage at the PCC, which makes it suitable for the
power generation of consumer loads based on DG locations for future energy communities.

Keywords: adaptive virtual impedance; distribution generation; power sharing; voltage compensation;
finite control set-model predictive control (FCS-MPC)

1. Introduction

Distributed generations (DGs) are capable of providing reliable electric power with
a reasonable control ability to meet energy demands. It is apparent that microgrids have
higher security and reliability as compared with traditional power grids, such as control
flexibility and offering higher power quality to consumers [1]. As microgrids provide
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several advantages over traditional power grids, researchers have been working on bet-
ter control mechanisms for different rated values of DGs [2-5]. It is well known that
more renewable energy resources are integrated into power grids to achieve less carbon
emissions worldwide.

DG inverter controls in microgrid systems can be categorized as centralized and
decentralized controls [6]. In a decentralized control, each DG unit is connected to an
inverter that has its own dedicated controller and the feeder line impedance depends on
the distance from the DG source to the point of common coupling (PCC). For better power
sharing between DGs, the mismatch in feeder line impedances needs to be treated using
a control based on the virtual impedance loop, as suggested in [7]. Virtual impedance
only needs to be applied in low-voltage microgrids, in which the ratio of reactance to
resistance (X/R) or the impedance ratio is usually higher. However, in microgrids with a
high impedance ratio, there can be a cross coupling between the active power and reactive
power, leading to a power system with an unstable condition [8], which is not suitable
for the DG configuration. The basic function of virtual impedance is to manage frequency
deviation, voltage stability and load power sharing when there are several DG inverters
connected in parallel in a microgrid system [7,9,10]. To design virtual impedance, the rated
power capacity and power decoupling for each DG and the power at the PCC are taken
into account with inductive and resistive line impedances in the microgrids [11].

Usually, virtual impedance is used in systems with a stationary behavior to extend
the transient power regulation due to the systems’ inability to share equal power be-
tween the DGs [12]. Virtual impedance in microgrids can be applied for voltage-source
converters (VSCs) or current-source converters (CSCs) for power flow control, unbalanced-
harmonics compensation and ancillary services, which are needed due to mismatched
line impedances [11,13,14]. Generally, DG inverters are based on the VSC model, which
is suitable for developing virtual impedance control. Two types of strategies, which are
a strategy based on the proportional relation [15,16] and a filter-based strategy using the
feedback response of the output filter, have been taken into consideration [17,18]. It is
reported in a number of publications that virtual impedance is affected by time delay and
control complexity due to the dependency on the structure of virtual impedance and the
pulse-width modulation (PWM) switching pattern [14,17] applied in current and voltage
control loops in most control schemes [19,20].

Model predictive control (MPC) in power electronic converters has been investigated
as an alternative for removing the complex multi-looped-based voltage and current con-
troller, as well as for controlling the flexibility and expandability of the inverter switching
operation. MPC, based on the finite control set (FCS), is currently used extensively in
inverter control approaches in order to enhance the dynamic performance of systems. As
is known, the control technique based on FCS-MPC is implemented without using any
external PWM switching, and the inner current-control loop is not necessarily required
for output voltage control. Moreover, the FCS-MPC formulation is simple to implement
and provides a fast dynamic response when applied in inverter-based microgrids [21,22].
The performance of FCS-MPC for parallel-connected inverters in microgrids in the de-
centralized control mode using virtual impedance has also been investigated, where a
fixed/static virtual impedance (SVI) was added to the system, as suggested in [23,24]. The
SVI can ensure power sharing accuracy and voltage compensation at the PCC if the feeder
line impedances are equal, but in the case of mismatched line impedances, the accuracy
as per connected load/loads is not guaranteed. The voltage deviation in a system with
mismatched feeder line impedances with the addition of the SVI keeps increasing when
more loads are added [25-27].

This paper focuses on the designing of a controller for a DG inverter circuit with
mismatched feeder line impedances in order to ensure power sharing accuracy and voltage
magnitude compensation at the PCC using the virtual impedance loop with MPC for the
generation of switching vectors. The proposed control strategy combines the predictive
control scheme with the voltage error algorithm of the MPC'’s cost function to create a new



Sustainability 2024, 16, 525

30f23

reference voltage based on the virtual impedance strategy. Furthermore, the use of adaptive
virtual impedance (AVI) is for regulating power sharing between DGs, as well as ensuring
voltage stability at the PCC during load changes. The overall control scheme is modeled in
the decentralized DG inverter mode in order to avoid miscommunication among the DGs.
The controller has two parts, which are the AVI and the FCS-MPC mechanism, in order for
it to become an adaptive controller. The contribution of the AVl is to generate the reference
voltage based on mismatched line impedances in combination with droop power sharing
control as the input for the AVI for high-vector MPC switching to compensate for the fast
transience of the voltage at the PCC.

Moreover, it is a dream of authors to see that this controller can be applied in local
grid networks. As is known, in the future, an electrical grid network will be localized
generation, where energy generation comes from residential energy generation, low-rated
solar farm networks, fast-charging stations and portable energy storages that are placed in
local communities to create a nano-grid system. This will create continuous and sustainable
energy generation and at the same time will increase the awareness of having responsible
communities for the environment and will provide a green living condition.

This paper is divided into several sections. Section 1 presents the overview of a
microgrid system and control schemes based on the virtual impedance loop, as well as the
MPC and issues of power sharing between DGs with different line impedances. In Section 2,
the LC filter and inverter voltage control loop based on the transfer function model are
referenced for vector control switching. The proposed AVI-based reference voltage for
mismatched feeder impedances and the cost function for the MPC’s voltage error generation
are given in Sections 3 and 4, respectively. Section 5 provides the parameter data for the
simulation experiment for the DGs used, along with load values and load transition times.
The results and discussion are given in Section 6, where the PCC voltage stability and
power sharing capability for the AVI-based and SVI-based control schemes are compared
for efficiency evaluation. This paper will not discuss the SVI-based controller’s formulation
because it has been explained in detail in [15]. This paper ends with the conclusion in
Section 7 on whether the proposed controller can be helpful to future energy communities.

2. LC Filter and Voltage Loop Transfer Function with Switching Voltage Vectors

An LC filter was used to improve the quality of the voltage output, which is a part
of the inverter control’s transfer function for the VSC model, as shown in Figures 1 and 2
with the new reference voltage V, g The filter voltage’s input and output v;, v, filter and
output current i, and iy voltage at the LC filter can be expressed as in the af transformation
to simplify the three-phase circuit to represent a single-circuit diagram:

vorxﬁ = Uou +]Uoﬁ = T Voapc

lftx +]lf/5*Tlfubc (1)
loaﬁ = lon +]10,S = T-ioqpc
Vigp = Vin + jUip = T Vjgpc

From the Clarke transformation, T, ifapc, ioabcs Voabe a0 Ujgpc in Equation (1) are ex-
pressed as follows:

T = P53 AT

211

3
Doa Oig
Lfabe = lfb s loabe = 1Qoabc = | Yob | r Yiabc = | Vib
Uoc Dic
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Figure 1. Three phase inverter structure and representation of voltage vectors. (a) Switching —
state(0,0,0) for Vg. (b) Switching — state(1,0,0) for V;. (c) Switching — state(1,1,0) for V. (d)
Switching — state(1,1,1) for V7.
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Figure 2. AVI model with MPC for voltage and power sharing control at DG inverter connection with
the reference voltage (V, fd q)'

Considering the rate of change of the current and voltage in the aS-reference frame:

d 1. 1.

E(anﬁ) = Eflfaﬁ - Efloaﬁ 2)
d . 1 Ry . 1
E(H’aﬁ) = ?f(viaﬁ) - f;(lfvcﬂ) - ff(voaﬁ) 3)

where Cy, Ly are the capacitance and inductance in the filter circuit, respectively. In the
state-space form, Equations (2) and (3) are expressed as follows:

d voaﬁ] [Uflxﬁ:| |:Uiacﬁ]
— 1. =A-|. + B-|. 4
dt [lf,x}g Lfup lonp )

where A and B are given as the following;:

_Re 1
A= Lg Lg
1 0
ff
Lo
L
B=1, _1
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The inverter voltage can be obtained by subtracting the common voltage from the
voltage in each phase, as shown in Equation (5):

Vig VigN
VigN + UipN + VieN
Viabe = |Vip | = |vipn | — 3 5)
Vic VicN

The inverter voltage in the matrix calculations can be represented as follows:

Vig

V, 1
Viabe = |vip | = % (I - 3-1> -S (6)
Uic

where [ is the identity matrix, 1 is an all-ones matrix and S is the switching action of
the inverter.

1 00 111 Sa
I=10 1 0|,1=1|1 1 1|andS=|S,
0 01 1 11 Sc

Here, the inverter input voltage (v;;.) is attained from the switching vectors. The
switching arrangements from three gate signals comprise “0” and “1” to produce (2)
switching signals as the output of the inverter voltage [25] for the generation of the switch-
ing pattern, given as follows:

S, ="“0” when 57 is off and S4 is on, and “1” when 57 is on and Sy is off
Sy ="0"” when S, is off and S5 is on, and “1” when S, is on and Ss is off
Sc = “0” when S3 is off and Sg is on, and “1” when S3 is on and S is off

The product of S,, Sy, Sc and v, (DC source voltage) with respect to point N computes
the values for vy, vy and v, as given below:

UaN = Sq'0gc

UpN = Sp Ve
UeN = SeU4c

The output voltage vector is obtained from the consideration of unitary vector “a”,
which also characterizes a phase shift of 120° between phases. Vector “a” is defined

as follows:

a=el?/3 = —1/2+j?

So, the output voltage can be calculated as follows:

2(van + a-vpy + 4> Ve )

v= 3 (7)

where v,N, UpN, UcN are phase-to-neutral voltages that are associated with the inverter.
Figure 1 shows the inverter voltage with switching.

From (S, Sy, S¢), the voltage vector is generated. For (S4, Sp, Sc) = (0,0,0), the voltage
vector V) is generated. Computing the values of (S;, Sy, S¢), the voltage vector is calculated
as follows:

2(0+a.0+42.0)
0 = = 0
3
Similarly, for V3, taking (Sa, Sy, Sc) = (1,0,0), the voltage vector is calculated as follows:

2(vge +a.0+4a20) 2
V= (C 3 ):gvdc
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For V,, taking (S4, Sp, S¢) = (1,1,0), the voltage vector is calculated as follows:

2(vge + a-vge + a0 2 1 V3 % 3
Vo = (v 3 : ) = g(vchr(*E +J7)0dc)+ﬂ2-0: %"’]70&

So, for all possible number of switching states, which is 23 =8, all voltage vectors are calculated.
It is worth mentioning here that V) = V7 for switching states (S, S;, S:) = (0,0,0) and (1,1,1).
The finite sets of seven different voltage vectors are obtained from the switching states,
which are given in Table 1:

Table 1. Switching configuration and voltage vector for three-phase VSC.

Sr. No. Sa Sb Sc Voltage Vector V;
1 0 0 0 Vo=0
2 1 0 0 V1 = 304
3 1 1 0 VZ = %vdc Jrj?vdc
4 0 1 0 V3 = _%Udc +jT30dc
5 0 1 1 V4= —350,
6 0 0 1 Vs = _%Udc_].@vdc
7 1 0 1 Ve = %vdc _].évdc
8 1 1 1 V;=0

The state-space model of the LC filter given in Equation (4) is converted into discrete
time by using the zero-order hold (ZOH) [26] for discrete sampling for the vector pattern.
Equation (8) is the discrete-time representation of Equation (4):

-+l nled s
[Uoocﬁ d Ooup a iozx/S ®)

T
where A, = ¢"", B, = [¢""-Bdt and T; is the sampling time of 12 x 10~°. The switching
0

sequence generates the signal for the inverter, which will be utilized in the FCS-MPC vector
control operation.

3. Modeling of Adaptive Virtual Impedance (AVI) in a System with Mismatched
Feeder Impedances
The resistance, inductance and capacitance values for the line impedance were calcu-
lated as 0.1 €3, 3.3 mH and 20 pF, respectively. For the inverter switching operation, the
switching frequency (fsw) was 20 kHz, while the cut-off frequency (fcr) of the LC filter was
2 kHz, based on 10% switching from the switching frequency selected. The P and Q control
in the conventional droop theory employed the power control input for the AVI, which was
based on the decentralized inverter control. The voltage and frequency droop equations
are given as follows:
Vref = Vnom_mp(Pi_Pref) )

Wref = Wnom + nq(Qi - Qref) (10)

For an islanded microgrid, the reference active power and reference reactive power

(Prer and Q) are taken as 0 for power sharing accuracy. Therefore, Equations (9) and (10)
can be written as follows:

Vref = Viom — mpPi (11)

Wref = Whom + 1qQ; (12)

In Equations (11) and (12), m, and nq are droop coefficients. As explained earlier, the
parallel inverters, the conventional droop control and the voltage should correspond to any
changes in P and Q to change V and f at the PCC. So, the proposed AVI should compensate
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for power changes at the PCC when the load changes. Therefore, the reference voltage in
the dg-reference frame is modified as follows:

[VdQ] = [(kpv'(vnom - Vodq) + kivj (Vnom - Vodq)dT> : [Vrequ}
0

(13)

[qu:| = [(kpv~(vnom - ngq) + kl‘vg‘ (Vnom — Vodq)dl'> '[(Vnom — mppi)]

In Equation (13), kp, and k;; are PI controller gains and V;, is the reference voltage
for the dg-reference frame obtained from the conventional droop control for controlling P
and Q based on the change in V and F. For the SVI-based control, the modified reference
voltage should be combined with the SVI, given as follows:

Vair = ref — (RSVI)io (14)

In the case of mismatched feeder impedances, the SVI-based control is not sufficient.
Therefore, a droop-based AVI control was implemented to give more robustness to the DGs
during mismatched line impedances. Equation (14) can be modified and expressed with
virtual impedance as follows:

_ Roir —Whom Loyir s

[VAVM‘J B l:wnam Lvir Rvir [lmq} (15)

The output of the AVI will generate a new reference voltage for the cost function input

for the MPC, which will be explained in Section 4. This reference voltage can be further

modified with the droop reference voltage and virtual impedance, and the new equation is
expressed as follows:

t
{VAVqu} = [ (kpv'(vnom - Vodq) + kivof (Vnom - Vodq)dT) : [Vref_droopdq} +
16
Roir + Rfeeder) - (wnom(Lvir + Lfeeder) [i } (1)
“ | tod
((Unom(Lvir + Lfeeder)) (Rvir + Rfeeder) o

Therefore, AVI inputs are still used in the droop equation, where power can be shared
between parallel-connected DGs based on P and Q at the PCC. The simplified reference
voltage in the dg-reference frame from the AVI output is given in Equation (17):

t
[Viesan) = H(kpv-(vnom = Voa) + Kio | (Vaom = Voag)d0) |- [ (Voom = mpPy)] | +
[ka'(Qt -Q)+ kiLOft(Qt -Q) dT‘| : 17)

_(Rvir + Rfeeder) wﬂom(Lvir + Lfeeder) i
- Loir + Leceder) —(Roir + R feeder) oddq
Wrom (Loir feeder vir feeder

where k. and k; are PI controller gains for the AVI, which are used for equal power
sharing. As given in Equation (13), the modified reference voltage V; fdg 18 obtained
through the AVI control mechanism’s output with the integration of virtual line impedance
and droop control in the mathematical control model. Parameter Q; is the measured
reactive power connected in parallel at the PCC. Equation (17) is the generated reference
voltage for the next FSC-MPC process, which will be discussed in the next section, for
the cost function’s error quantification. Figure 2 shows the block diagram of the control
structure of the AVI-based control and SVI-based control via the virtual impedance strategy
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for the reference voltage input for the MPC, along with relevant equations used for the
controller’s functions.

As a recap, in the SVI-based control technique, load power sharing as per the con-
nected load is not accurate, and voltage deviations occur at the PCC in systems with
mismatched line impedances. A fixed value of virtual impedance is needed to mitigate
the line impedance mismatch and is applied to the predefined line impedance. The virtual
impedance with a fixed value is added to a system with mismatched line impedances to
balance the inequality. The integration of the AVI-based control with the predictive cost
function as the MPC input is explained in Section 4.

Table 2 shows the difference between the proposed AVI-based and existing SVI-based
control techniques. As concluded from the table, in the SVI-based control, the shared power
by each DG inverter is not accurate as per the connected load, because the static virtual
impedance does not adjust itself to the change in the line impedance value. Moreover, there
are voltage deviations due to the addition of static virtual impedance, where the voltage
keeps on deviating with additional loads in a system with mismatched feeder impedances.

Table 2. Comparison of proposed AVI-based control and existing SVI-based control technique.

SVI-Based Control

Description Technique [2,8,15] Proposed AVI-Based Control Technique

Concept Fixed virtual impedance value Variable virtual impedance value
Droop-based compensation Does nolt have any compensation Droop-based compensation is offered

mechanism

e D £f f 1 . -

Reference voltage modification oes not offer reference voltage Reference voltage is modified

modifications
Reference voltage for cost function Reference voltage V,;, for cost Reference voltage Vy 4, for cost function is
calculations to maintain voltage function is obtained from the obtained from the fouovging equation:
stability and power sharing accuracy  following equation: ‘ [V } _ Ryir ~WnomLoir| [i }
at PCC Vaoir = Vref - (RSVI)IO AVldg Wrom Loir Ryir odq

Power sharing accuracy

Fails to provide load sharing accuracy

at PCC Provides load sharing accuracy at PCC

4. Modeling Predictive Cost Function for FCS-MPC'’s Vector Control

The cost function is the most essential parameter for the MPC-based control tech-
nique, as it generates the vector control for the inverter’s switching pattern. Predictions
are made on the receding horizon pattern at k + 2 steps [27] in the af reference frame,
formulated as follows:

B = Viegaplle + 21| = [oouplic + 2] (18)

where V. .5 and v,,p are the reference voltage and output voltage to the inverter, respec-
tively. Parameter Vi, r,p is tracked by v,,p at two steps ahead (k + 2) at a sampling time
(Ts) of 12 x 107° in the finite control set (FCS).

In the conventional FCS-MPC, the cost function (CF) is implemented in first-order
systems, which is determined by the node circuit equation of the inverter, as second-order
or higher-order systems with a CF show an unstable behavior. In first-order systems, there
is no cross coupling between impedances, while in higher-order systems, there is a cross-
coupling equation among the state variables. Also, in first-order systems, the capacitor’s
voltage is directly regulated by the filter’s current. However, in second- or higher-order
systems, the capacitor’s voltage is indirectly regulated by the current of the inductor in
the inverter. Therefore, the voltage tracking error continuously increases, as shown in
Figure 3, where the predicted trajectory is heading away from the reference (dotted line) at
any particular time interval. So, the CF in Equation (18) for the FCS is needed to track the
reference voltage and to give small derivative terms simultaneously in order to minimize
the tracking error effect between the reference and actual loop feedback.
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Figure 3. Voltage tracking error in a conventional control without CF error reduction.

Therefore, voltage derivative terms should be taken into account from the inductor’s
current in order to regulate the capacitor’s voltage in the filter circuit. The reference voltage
obtained from the AVI is the derivative function for the CF, expressed as follows:

d . .
at (vref(t)> = wrefvref' Cos(wreft) - ]wrefvref' SIH(wreft) 19)

dv,,p(t . . ; i ]
- df( ) - gf(lfa(t) - lmx(t)) +]C1f(lfﬁ(t) - loﬁ(t)) 20)

where Wy Vier: CO8(wWrept) = WrepUrerp(t) and wiepVies: sin(wyeft) = Wrefpesa(t). The
capacitor’s voltage is represented by v,,5. Next, by taking the derivatives of the reference
voltage and output voltage of the AVI-based control with the step CF, the combination is
formulated as follows:

2
Javi = (Cf'wref'vrefzx(k + 2)) - ifoc (k + 2) + iOlX(k + 2)) +

2 (21)
(Crwrepr-vnesp(k+2)) = igplk +2) +iop(k +2))

Based on Equation (21), the reference voltage v, is attained from the AVI output, as
explained in Section 3, and this v,, £ is proportional to the CF. Here, [ 4y is with a two-step-
ahead prediction (k + 2). Therefore, the CF formula in Equation (21) is combined with the
AVI output’s reference voltage to generate the CF-minimized error, computed as follows:

Jr = [(Vrefa[k+2] ~ vaulk+2]) + (Viegplk +2] - voﬁ[k+z])1 4
(Cf-w,ef-v,efa(k +2) —ipg(k+2) + ion (k + 2))2+ (22)

Ad 2 + (him + )\uswz)
(Cf-w,ef-v,efﬁ(k +2) —igg(k +2) +ipp(k+ 2))
where A, and A; are weighting factors to address the uncertainties in the system.

For the SVI-based control scheme, the cost function is calculated using the reference
voltage given in Equation (14), whereas the updated reference voltage in Equation (22) is
used for the cost function calculation for the proposed FCS-MPC scheme. The flow chart of
the control algorithms of the cost function for the proposed FCS-MPC controller is shown
in Figure 4.

Figure 5 shows the block diagram of AVI-FCS-MPC and SVI-FCS-MPC with the
addition of Equation (22) for the AVI-based control and Equation (14) for the SVI-based
control for the minimization of the CF for the transient response of the VSC control in the
inverter with the reference voltage V, fdg° The weighting factor is obtained through the
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trial-and-error method from 0 to 0.1 while tuning the controller. Hence, hji,, (i) = 0 when
if(i) < imax, and hyy (i) =< when iz (i) > imax, sw(i) = ¥ (u(i) —u(i —1)).

Start )

Measure : ify[k] . Voo[k] . ioaplk]

‘ Predict: ifgplk+1] . Vooplk+1] . iogglic+1]

l

For i=0,1,....., 7.

!

‘ Predict: ifgplk+2] . Voplk+2] . ioaplk+2]

!

Evaluate the Cost Function J;

7 T~ V¥ES
/\ _— e
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Figure 5. Control block diagram of AVI-based control with derivative cost function’s block diagram

at DG inverter connection and reference voltage (V};, fd q).
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5. Islanded Microgrid Block Circuit Simulation and System Parameters for DG Inverters

The AVI-based FCS-MPC was tested individually in the decentralized mode for paral-
lel DG inverters connected to the PCC with different line impedances, as shown in Figure 5
in Section 4. The load was represented by four different load ratings connected at the
PCC at specific times, as given in Table 3. This was to create load changes at the PCC in
order to check for the robustness of the proposed AVI-based controller. The AVI-MPC
controller’s performance was compared with that of the conventional SVI-based controller
in [15]. Figure 4 illustrates the simulation test system modeled in MATLAB/Simulink
for determining the effectiveness of the AVI-based and SVI-based control models. The
simulated microgrid system was tested with two different-rated DGs, as well as different
LC filters, different feeder lines and variable loads, as shown in Figure 6.

Table 3. System and control parameters.

Parameter Value/Unit Parameter Value/Unit
Viom 220V Sampling Time Ts 12 x 107
DG1 1.5 kW
DG2 1.5 kW Ly 33 mH
Viom 220V Cf 20 uF
Srom 50 Hz
Line 1: Resistance 0.19 O) Line2 Resistance 0.23 Q)
Linel: Inductance 2.83 mH Line2 Inductance 3.14 mH
Droop coefficients m, and ngq 0.001, 0.01 Rey1 10Q)
Load; 1200 W, 550 Var Load 700 W, 350 var (connected
(connected from 0 s to 1s) 8 from 2 sto 3 s)
500 W, 100 Var 1000 W, 450 var (connected
Load, Loady

(connected from 1 s to 2 s)

from 3sto4s)

VSC 1

PV

L |l -
& . =2 e,
i Cr1

Filter
Ri1 L

Vc‘l

Feeder Line 1

VsC 2

y &

Filter
Ry Lr

Figure 6.
line impedances.

i01, Vo1

Vpce

Breaker

ilf—=7

Configuration of simulated DG inverters in microgrid system with mismatched
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Percentage power sharing error at PCC =

Voltage at PCC (Volts)

Percentage voltage error at PCC =

300

200

100

o

-100 |

-200

6. Results and Discussion

In this section, the results for the AVI-MPC and SVI-based control are shown and
discussed. The real and reactive power sharing, the voltage at the PCC, the current to the
load and the frequency deviation during load changes were measured for each DG inverter.
As for the load, Load; was connected from 0 s to 1 s at 1.2 kW, Load, from 1 sto 2 s at 0.5
kW, Loads from 2 s to 3 s at 0.7 kW and, finally, Loady from 3 s to 4 s at 1 kW. The aim was
to show the reliability of the suggested AVI-based controller, where equal power sharing
between the DGs, as well as voltage stability could be achieved. The percentage error for
the voltage and current is calculated as follows:

Voltage/Current magnitude measured at PCC

100%
Target(Nominal ) Voltage magnitude x 100%

The percentage error for power sharing accuracy in the result section is calculated
as follows:

Load power shared by each DG inverter at PCC

x 100%
Load connected to the system °

A.  PCC Voltage During Load Changes (Low to High and Vice Versa)

The voltage output at the PCC is shown and explained in this subsection. The
performance of the suggested AVI-MPC was compared with that of the SVI-based control.
Figure 7a shows the voltage profile at the PCC when load transitions were applied for the
SVI-based controller. As shown in the zoomed-in images in Figure 7b,c, the voltages at the
PCC when Load;, Load,, Loads and Loady were connected were 206 V, 212V, 210 V and
205.5 V, respectively, which were not at the rated PCC voltages.

[
Va--8Vi
Vb--SVI
Load1 Load 2 Load3 Load4 Ve--SVI
0.5 1 1.5 2 25 3 3.5 4

Time (Seconds) (a)

Figure 7. Cont.
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Voltage at PCC (Volts)

Voltage at PCC (Volts)
Load1-Load2
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-
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Figure 7. Comparison of voltages at PCC during load changes: (a) Vpcc for SVI-based control scheme,
(b) zoomed-in image of Vpcc when Load; and Load, were connected for SVI-based control scheme,
(c) zoomed-in image of Vpcc when Loads and Loads were connected for SVI-based control scheme,
(d) Vpcc for proposed AVI-based predictive control scheme, (e) zoomed-in image of Vpcc when
Load; and Load; were connected for proposed AVI-based control scheme and (f) zoomed-in image
of Vpcc when Loads and Loads were connected for proposed AVI-based control scheme.

Figure 7d shows the voltage magnitudes at the PCC for the proposed AVI-MPC, where
the PCC voltage was near the rated values stated in Table 4. The zoomed-in image in
Figure 7e shows that the voltage at the PCC was 218 V when Load; was connected, and it
was still maintained at 219.5 V when Load; was connected. Figure 7f shows the zoomed-in
image of the voltage profile when Loads and Load, were connected, where the voltage
at the PCC still remained at 220 V. Table 4 shows the comparison of the percentage errors
of the voltages at the PCC for the controllers. It is clear from this result that the proposed
AVI-based predictive control scheme successfully maintained the voltage magnitude at the
PCC at 220 V with minimum errors.

Table 4. Comparison of voltage at PCC and percentage error.

Control Scheme Voltage Magnitude at PCC Percentage Error
Load1 206 V 6.36%
SVI-Based Predictive Load, 212V 3.63%
Control Loadj; 210V 4.54%
Loady 205.5 6.59%
Load; 218V 0.90%
Proposed AVI-Based Load, 2195V 0.22%
Predictive Control Loadj; 219V 0.45%

Loady 2185V 0.68%
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B.  Current Output During Load Changes (Low to High and Vice Versa)

The current outputs at the PCC during load transience from high to low loads and vice
versa were also compared and analyzed. Figure 8a—c show the output current result at the
PCC when the DGs were operated using the SVI-based controller. The zoomed-in images
in Figure 8b,c show increased transient responses when the rated load value changed from
high to low and from low to high, where current outputs were measured at 3.94 A, 1.54 A,
2.61 A and 3.4 A when Load;, Load,, Load; and Loads were connected, respectively.
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Figure 8. Comparison of output currents at PCC during load changes: (a) output current at PCC
during load transitions for SVI-based control scheme, (b) zoomed-in image of output current magni-
tude at PCC when Load; and Load; were connected for SVI-based control scheme, (c) zoomed-in
image of output current magnitude at PCC when Load; and Loady were connected for SVI-based
control scheme, (d) output current at PCC during load transitions for proposed AVI-based predictive
control scheme, (e) zoomed-in image of output current magnitude at PCC when Load; and Load,
were connected for proposed AVI-based control scheme and (f) zoomed-in image of output current
magnitude at PCC when Loads; and Loady were connected for proposed AVI-based control scheme.
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Figure 8d—f show the output current when the proposed AVI-based predictive con-
troller was used. The zoomed-in images in Figure 8e,f show that there was no transient
effect on the current when the load changed, as based on the time stated in Table 3. In
general, if the transient current is more than the rated current, the circuit breaker will
be activated, and it will cause DGs to disconnect from the PCC. Moreover, the output
currents, which were measured at 3.97 A, 1.54 A, 2.36 A and 3.3 A when Load;, Load,,
Loads and Loads were connected, respectively, were at the allowable rated value, and,
hence, minimum transience was obtained using the AVI-based controller.

C. Active and Reactive Power Sharing Between DGs During Load Transitions

The active power sharing between DG; and DG; for the SVI-based control scheme and
the proposed AVI-MPC scheme is discussed in this subsection. The power sharing values
between DG and DG, for the controllers when Load;, Load,, Load; and Load, were
connected at different time intervals are shown in Figure 9a. For the SVI-based controller,
DG; and DG, shared 500 W when Load; was connected at the PCC, 240 W when Load, was
connected, 318 W when Loads was connected and 445 W when Loady was connected, but
the DGs should generate about 1200 W, 500 W, 700 W and 1000 W, respectively, based on
Table 2. Although DG; and DG, shared equal power, this power sharing was not enough
as needed by the load, which caused mismatched power generation by the DGs. For the
AVI-based controller, the power shared between DG, and DG, when Load; was connected
at the PCC was 597.5 W, which totaled to about 1.2 kW, nearly the same as that tabulated in
Table 2.
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Figure 9. Active power sharing comparison during load changes: (a) active power sharing for
SVI-based control scheme and proposed AVI-based predictive control scheme, (b) zoomed-in image
of active power sharing between DG and DG, when Load; was connected, (¢) zoomed-in image of
active power sharing between DG; and DG; when Load; was connected, (d) zoomed-in image of
active power sharing between DG; and DG, when Loads was connected and (e) zoomed-in image of
active power sharing between DG; and DG, when Load4 was connected.
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Load Active Power (W)

The power sharing between DG; and DG; for the SVI-based and AVI-based controllers
when Load; was connected is shown in Figure 9b, where the AVI-based controller was
able to have equal power sharing at 600 W for each DG when Load; required 1.2 kW.
Figure 9c—e show similar results on the quality of active power sharing between the DGs
for the AVI-based and SVI-based controllers. The AVI-based controller showed a more
accurate sharing capability, where it can reach the rated value of Load;. Therefore, the
obtained results indicate that the proposed controller was more capable of sharing equal
and accurate active power than the AVI-based controller. This is because the reference
input to the AVI started with the calculations of P and Q needed by the load.

Figure 10 shows the comparison of the total load active power received at the PCC for
the SVI-based controller and the proposed AVI-based controller in order for the controllers
to supply the rated load power when a load was connected at the PCC. The load transitions
are shown in Figure 10a for Load;, Load,, Loads; and Loady. For the SVI-based controller,
the values of the total active power were 1000 W, 480 W, 636 W and 890 W when Load,
Loady, Load; and Loads were connected, respectively, which did not achieve the rated load
values stated in Table 2. However, for the AVI-based controller, all the required load values
were achieved when Load;, Load,, Loads and Loads were connected, which were 1195 W,
499.5 W, 698 W and 996.5 W, as shown in Figure 10b—e, respectively. Therefore, the results
show that the AVI-based predictive controller was capable of supplying the rated power
needed by the load from the DGs in order to avoid excessive power-loss dissipation at the
PCC. Table 5 shows the comparison of the active power sharing between the DGs and the
load active power at the PCC for the SVI-based and AVI-based control schemes, along with
power error percentages.
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Figure 10. Load active power comparison during load changes: (a) total active powers at PCC for
SVI-based control scheme and proposed AVI-based predictive control scheme, (b) zoomed-in image
of total active powers at PCC when Load; was connected, (¢) zoomed-in image of total active powers
at PCC when Load; was connected, (d) zoomed-in image of total active powers at PCC when Loads
was connected and (e) zoomed-in image of total active powers at PCC when Load4 was connected.
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Table 5. Comparison of active power sharing, load active power and percentage error.
Control Active Power Shared Load Active Percentage
Scheme Load DG, DG, Power Error
Load; 500 W 500 W 1000 W 16.66%
SVI-Based Load, 240 W 240 W 480 W 04%
Control Load; 318 W 318 W 636 W 9.14%
Loady 445 W 445 W 890 W 10%
Proposed Load; 597.5 W 5975 W 1195 W 0.41%
AVI-Based Load, 249.75 W 249.75 W 4995 W 0.1%
Predictive Loads 349 W 349 W 698 W 0.28%
Control Loady 49825 W 49825 W 996.5 W 0.35%

The results of the reactive power sharing for the SVI-based controller and AVI-based
controller are shown in Figure 11a. The results show that the shared power, when using
the AVI-based controller, was close to the rated Q needed by the load during load changes.
The zoomed-in images in Figure 11b—e give a clear visualization of when the SVI-based
and AVI-based controllers were used. When Load; was connected, as shown in Figure 11b,
the reactive power shared by each DG inverter was 273.5 Var for the AVI-based controller,
which was higher than the reactive power shared at 248 Var for the SVI-based controller.
However, when the low-rated loads of Load, and Loads were connected, the reactive
power sharing values between the DGs for both controllers were almost the same, as shown
in Figure 11c—e. This shows that if the Var required by the load was low, the DGs in both
controllers can share the Q evenly but not when a high Q value was needed by the load for
the SVI-based controller.
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Figure 11. Reactive power sharing comparison during load changes: (a) reactive power sharing for
SVI-based control scheme and proposed AVI-based predictive control scheme, (b) zoomed-in image
of reactive power sharing between DG; and DG, when Load; was connected, (c) zoomed-in image of
reactive power sharing between DG; and DG; when Load; was connected, (d) zoomed-in image of
reactive power sharing between DG; and DG, when Loads; was connected and (e) zoomed-in image
of reactive power sharing between DGy and DG, when Load, was connected.
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The results of the load reactive power at the PCC for the SVI-based and AVI-based
controllers are shown in Figure 12a, and the zoomed-in images of the load reactive power
during each load transition are shown in Figure 12b—e. In the case of the SVI-based
controller, the reactive powers supplied by each DG to Load;, Load,, Load; and Loady
were 480 Var, 90 Var, 320 Var and 394 Var, respectively. However, for the AVI-based
controller, the total reactive powers when Load;, Load,, Load; and Loads were connected
were 547 Var, 100 Var, 350 Var and 450 Var, respectively, which were similar to the values
specified in Table 2 for the loads. A comparison provided in Table 6 shows the difference
between the performances of the two controllers in terms of real and active power sharing,
which highlights the contribution of the AVI and its accuracy based on percentage errors.

D. Frequency Response During Load Changes (Low to High and Vice Versa)
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Figure 12. Load reactive power comparison during load changes: (a) total reactive powers at PCC for
SVI-based control scheme and proposed AVI-based predictive control scheme, (b) zoomed-in image
of total reactive powers at PCC when Load; was connected, (c) zoomed-in image of total reactive
powers at PCC when Load; was connected, (d) zoomed-in image of total reactive powers at PCC
when Loads was connected and (e) zoomed-in image of total reactive powers at PCC when Loady
was connected.

Table 6. Comparison of reactive power sharing, load reactive power and percentage error.

Reactive Power Shared Load Reactive

Percentage Error

Control Scheme

Load DG, DG, Power
Load; 240 Var 240 Var 480 Var 12.72%
Load, 45 Var 45 Var 90 Var 10%
SVI-Based Control Load; 160 Var 160 Var 320 Var 8.57%
Loady 197 Var 197 Var 394 Var 12.44%
P d Load; 273.5 Var 273.5 Var 547 Var 0.5%
Ai;’lpgse 4 Load, 499 Var 499 Var 99.8 Var 0.2%
. Ci, ase c | Loads 174.5 Var 174.5 Var 349 Var 0.28%
redictive Contro Load, 224.25 Var 224.25 Var 448.5 Var 0.33%

The PCC frequency response was also a very important parameter to be checked in
order to avoid frequency deviation during the synchronization of DG inverters with the
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load. The frequency deviation was caused by the load changes, and this deviation should
range between 49 Hz to 51 Hz to avoid a frequency swing in the microgrid. A minimized
deviation would indicate that the controller was working efficiently in terms of its response
at the transient time. The frequency response comparison is shown in Figure 13a—e for the
SVI-based and AVI-MPC control schemes. When the SVI-based controller was applied to
the DG inverters, the frequency responses at the PCC were approximately 50.4 Hz, 50.01 Hz,
50.02 Hz and 50.035 Hz when Load;, Load,, Loads; and Loads were connected, respectively,
as shown in Figure 13a—e. However, with the proposed AVI-based control, the frequency
responses when Load;, Loady, Loads and Loads were connected were approximately 50.038
Hz, 50 Hz, 50.1 Hz and 50.03 Hz, respectively, which shows a more stable result. Moreover,
both the SVI-based and AVI-based controllers were able to limit the deviations to within
the allowable limit, which proved that the proposed controllers were able to regulate the
frequency response, as shown in Figure 13a—e.

50.5 T T T T
N
T
y —
£ so Mg A A~ -
:3; U Frequency--AVI (Proposed)
= — Frequency--SVI
e
49.5 | | | I | | |
1] 0.5 1 1.5 2 2.5 3 35 4
Time (second) (a)
- Nss
> o=
2 2
© @
3 =
=3 =3
€ 108 ‘ | | ‘ @ | ‘ | | |
2= 0 0.1 0.2 0.3 04 0.5 e 1 11 A2 1.3 14 1.5
Time (second) (b) Time (second) (c)
550.5 N
2 =
£ 50 E -
o o
3 S
-4 o
= 49.5 ' : : : : @ i | | I |
b 2 21 22 23 2.4 25 e 49.5 3 31 32 33 3.4 35
Time (second) (d) Time (secondj) (e)

Figure 13. Frequency response comparison during load changes: (a) frequency responses for SVI-
based and AVI-based control schemes, (b) frequency responses when Load; was connected to the
system, (c) frequency responses when Load, was connected to the system, (d) frequency responses
when Loads was connected to the system and (e) frequency responses when Load; was connected to
the system.

7. Conclusions

An AVI-based predictive controller is proposed and presented in this paper, and it
has shown the ability of equal power sharing whenever the line impedance values of
the DG inverters were different, and it maintains the voltage at the PCC. The “adaptive”
concept for the proposed controller is due to the inputs of the AVI being based on the droop
control of P and Q deviations at the PCC because of load changes. It was necessary to have
small deviations in order to provide equal power sharing between DGs. As a result, the
AVI generated the reference voltage with a minimum error as the input for the FCS-MPC
with a consideration of the CF’s error trajectory. It created a reference voltage for inverter
switching with a two-step-ahead prediction (k + 2) at the sampling time (T5) for 0 to 7 vector
coordinates. All the results show that the voltage at the PCC was maintained successfully
when load changes were applied at the PCC. In addition, the proposed AVI-based predictive
control was able to increase the active and reactive power sharing between the DGs and
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was able to achieve the required load power at the rated power when measured at the
PCC. The time transient effectiveness during load changes for the AVI-based controller
with FSC-MPC proved its faster tracking capability. Lastly, all the results indicate that the
proposed AVI-based controller has the capability to be used in the DG inverter operation,
where it can maximize the power generation at the PCC and create equal power sharing
among the DGs. At the same time, it can also be applied in future energy generation such as
in hybrid-energy sources’ generation for mitigating circulating currents due to mismatched
line impedances. Furthermore, the proposed control scheme can also be applied in local
grid networks for future local energy generation at the communities” areas, which is known
as the nano-grid network.
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