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ABSTRACT The intermittent property and increased grid restrictions have become the most critical elements
for increasing penetration levels of clean renewable energy sources (RESs). Smart inverters with combined
RESs integration and reactive power support for utility grids have recently found widespread applications
due to their techno-economic benefits. In smart inverters, the distribution-static compensator (DSTATCOM)
functionality is inherently integrated to the RESs inverters. However, optimized reactive power-sharing
between these inverters has become a big issue for the control systems of utility grids. There are numerous
existing attempts presented in the literature for addressing these challenges, although they disadvantage low
efficiency, uneven sharing, complex implementations, and/or costly added devices. Therefore, this paper
proposes an efficient reactive power dispatch method between hybrid renewable energy generation and
energy storage systems. The proposed method enhances the energy efficiency of the utility grid by adopting
the reactive power share between interfacing inverters according to the estimated power losses. Besides,
the proposed method enhances the reliability of smart inverters by relieving their thermal stresses through
adopting their reactive power share according to the estimated power losses. The hybrid photovoltaic (PV)
generation with superconducting magnetic energy storage (SMES) systems is selected as a case study
for validating the new proposed reactive power dispatch method. The results, comprehensive discussions,
and performance comparisons have verified the superior performance of the new proposed reactive power
dispatch method.

INDEX TERMS Distribution static compensator, photovoltaic (PV), reactive power dispatch, smart inverters,

superconducting magnetic energy storage (SMES).

I. INTRODUCTION

Ambitious installation plans of large scale photovoltaic (PV)
power generation system have been targeted world-widely.
The PV power generation systems have proven themselves
as substitute candidates for replacing conventional fossil fuel-
based generation systems. Being available everywhere, new
and renewable, environmentally friendly, and having continu-
ously reduced production cost represent the main advantages
behind these ambitious plans [1], [2]. However, the fluctu-
ated nature of PV generation systems during the day-time
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in addition to unavailability at night-time have given rise
to energy storage systems (ESSs) installations for ensuring
reliable power supply. In addition, grid restrictions have been
imposed on PV systems operation to participate like the
traditional generation systems, regarding the reactive power
supply and support at various grid faults. Therefore, increased
levels of PV penetrations in utility grids and their integrated
ESSs have put reliability, energy efficiency, control of the
power electronic interfacing converters of the prime concerns
for both industry and research [3], [4].

The output power of PV systems is usually fluctuating dur-
ing the day-time due to its dependency on the solar irradiance
and ambient temperature [5], [6]. The ESSs are installed with
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the PV systems to ensure reliable power supply, regardless
of the output power of the PV systems. Thence, smoothing of
the output power without fluctuations can be achieved [7], [8].
Several ESS technologies have been applied in the literature
for PV systems. The superconducting magnetic energy stor-
age (SMES) system has found wide applications as emerging
technology due to its inherent advantages of high power
density, fast response, high energy efficiency, and being envi-
ronmentally friendly ESS [9].

The power electronic converters represent the principal
element in proper utilization and energy transfer in PV gen-
eration and ESSs [10]. The fluctuated nature of the energy
supply in the power converters results in improper optimized
utilization of the power electronic capacities due to their
design for the maximum operating point [11]. In addition,
employing additional power converters for reactive power
supply is usually employed in the power system for stabi-
lizing and power factor improvement of the power systems.
Recently, multi-functional power conversion systems have
found wide application for PV and ESS integrated power
systems [12]. The concept of smart power inverters has been
introduced for power inverters with additional functionalities
in utility grids. The smart inverter employs the oversized
and/or the remaining capacity for performing the distribution
static compensator (DSTATCOM) functionality [13], [14].
The PV-DSTATCOM and ESS-DSTATCOM are referred to
grid interfacing inverters with dual functionalities of DSTAT-
COM in addition to PV and/or ESS integration, respectively.
The added functionalities would result in increased power
losses, which result in decreased reliability and operating
lifetime of the inverter [15]. Therefore, research concerns
have been risen for proper optimization of operating point
and required functionalities of smart inverters for the control
systems of utility grids.

The lack of reactive power dispatch increases the sys-
tem active power loss, in addition to affecting the voltage
profile and/or stability. In addition, it can make the system
operates far away from the secure operating point. Several
studies in the literature have discussed the reactive power
dispatch issues. The application of optimization techniques
for solving the reactive power dispatch issue in power systems
is highlighted in [16]. Authors in [17] have proposed an
optimal economic dispatch for combined heat and power
units, intermittent energy sources, such as solar PV and wind,
and battery energy storage system for balancing power and
heat demand in power systems. In this study, hybrid particle
swarm optimization (PSO) and sequential quadratic program-
ming (SQP) method was applied for providing the optimal
power produced from each energy source. A hybrid optimiza-
tion approach has been presented in [18] through using the
PSO method and the Tabu-search technique. This method can
solve the reactive power dispatch problem for minimizing the
line active power loss and the load bus voltage deviations.
However, this method does not consider the fluctuating nature
of renewable energy resources. In addition, the impacts of
energy storage systems have not been studied in this method.
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In [19], a two-level hierarchical control method is investi-
gated to coordinate the reactive power dispatch in the clus-
tered wind farms, which are located far away from each
other with restriction in communications requirements. The
coordinated control of voltage source inverters (VSIs) of the
distributed generation (DG) units fed from different renew-
able energy sources was studied in [20]. The compensa-
tion of reactive power is shared without affecting the active
power export. This in turn can improve the low-voltage ride
through (LVRT) capability, and it can guarantee the seamless
transition between LVRT and normal mode of operation.
In [21], an approach using an evolutionary algorithm to find
the optimal settings of the controllable components in the
distribution system has been proposed. This method is capa-
ble of minimizing the system losses, the variations of voltage
regulators and switching capacitors, and the active power cur-
tailment of the PV system. This proposed method considers
the impact of PV reactive power support to the grid in addition
to the effect of high PV penetration on switching devices.

Authors in [22] have introduced the SMES device and its
controllability to mitigate the stability of the utility power
grid integrated with wind power generation. The connec-
tion of SMES at different locations is studied to suppress
the power fluctuations and to improve LVRT performance.
However, this study has not included the reduction of line
power loss and the optimal calculation of SMES capacity
to minimize the tie-line power flow. Authors in [23] have
proposed a smart photovoltaic- distribution static compen-
sator (PV-DSTATCOM) control method. The presented con-
troller is capable of improving the power system quality and
supporting the grid by supplying power to the grid and the
connected loads. A similar controller of wind-DSTATCOM
was presented in [13] with studying the impacts of the reac-
tive power support and resilient microgrids operation of the
inverter lifetime. The use of SMES devices for both grid-
connected and islanded modes of operation for local load
supplying and active/reactive power control was presented
in [24].

It has become clear that the previously introduced control
methods in the literature fail at addressing the challenge of
smart inverters and efficient multi-functionalities operations
of power converters. The current existing solutions possess
the disadvantages of low operating efficiency, uneven sharing
between the converters, complex control implementations,
and requirements of costly devices. Therefore, induced by the
aforementioned drawbacks of the existing control methods in
the literature, this paper proposes an efficient reactive power
dispatch between hybrid renewable energy generation and
energy storage systems. The main contributions in this paper
are summarized as the following:

« A new method for efficient operation for power systems

with reactive power dispatch is presented.

o A cooperative reactive power sharing control method
for PV-STATCOM and SMES-STATCOM inverters is
proposed. The control of smart inverters with multi-
functionalities is generalized in this paper.
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o Thermal stresses reduction of power switches and
hence reliability enhancement of smart power inverters
methodology has been achieved using the new proposed
method.

o Minimization of total power loss of the power inverter
switches for both PV and SMES is investigated.

The remaining of the paper is organized according to the
following items: Section II presents the modeling of the
PV and SMES systems. The operation of smart inverters
and the multilevel inverter are presented in Section III. The
proposed control method and its implementation are detailed
in Section IV. Section V gives the verification results and
discussions of the new proposed system with the selected
case study, in addition to the performance comparisons with
the relevant techniques in the literature. Finally, Section VI
presents the paper conclusion.

Il. PV AND SMES SYSTEM MODELLING

Due to the critical necessity of the reactive power to pro-
vide loads and regulate the voltage profiles of buses, numer-
ous challenges have been facing the grid-connected PV and
energy storage system. These challenges are related to either
grid issues and/or inverter issues. The grid side issues are due
to the absorption of large reactive power from the grid would
lead to increasing the transmission line power losses. This in
turn results in minimizing the power system efficiency during
the operation, especially at poor power factor loads. The
inverter issues are related to the additional thermal stresses
of their power semiconductor switches due to the injection of
the reactive power into the utility grid.

A simplified representation of microgrid with PV power
generation systems, SMES device for energy storage, and
local power loads are shown in Fig. 1. The low voltage of the
PV and SMES systems are connected to the point of common
coupling (PCC) through stepping up transformers. The active
power of the local loads are mostly powered from the PV,
SMES, and grid according to the available and requested
active power. Moreover, the local loads are mostly inductive
loads with a low power factor (PF), and the reactive power
supply can be achieved through the local inverters instead of
absorption from the utility grid with more transmission line
losses.

A. PV MODELLING

The single diode model of PV systems has been widely
employed in the literature [25]. Fig. 2 shows the circuit
equivalent electrical model of the single diode-based PV
cell model. The generated output current of the PV cell
Ipy can be modeled mathematically according to Fig. 2 as
following [25]:

Ipy = Ipp — Ig — I (D
The generated PV current can be modeled as follows:

Vev +1pv R )—1]— Vev + Ipv R
aViy Rgp

Ipy = Iph_ls[exp( (2)
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FIGURE 1. Simplified microgrid structure with PV, SMES, loads at the PCC.
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FIGURE 2. The electrical equivalent model of PV cells.

G
Iph = Iph,n(kl(Tm - Tn))(G_) 3)

where I denotes the reverse saturation current of the diode.
The parameters Iy, n, Vin, G, represent the nominal datasheet
parameters of photocurrent, the thermal voltage, and the
solar PV irradiance, respectively. Whereas, the parameter k|
denotes to the PV cell temperature coefficient at short-circuit
current. In addition, the parameters T;,, and T} represent the
PV cell temperature (measured in °C), and the nominal PV
temperature (normally at 25 °C), respectively.

B. SMES MODELLING

The operation of the SMES technology is through stor-
ing the electrical energy in the magnetic energy form.
It is mainly composed of large superconducting inductance,
which operates under the critical temperature to be preserved
in its superconductor state. Fig. 3 shows the main construct-
ing components of the SMES system. The system includes
bidirectional dc/dc converter, bidirectional dc/ac inverter,
SMES cooling system, and the coupling transformer. The
bidirectional dc/dc converter is responsible for controlling the
operating charging/standby/discharging mode of the SMES.
In addition, the bidirectional dc/ac inverter controls the flow
of the active and reactive power between the SMES system
and the grid. The stored SMES energy Ej,, is related to the
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FIGURE 3. The main elements and structure of the SMES side.

TABLE 1. The power switches combinations for three-level T-type MLI.

o Switching signal (x = a, b, ¢) Output Voltage
Switching States B Voo
P-State ON ON OFF OFF Vieo1
O-State OFF ON ON OFF 0
N-State OFF OFF ON ON Viyeas

SMES inductance Ly, and SMES current I, as following:
Egn = 0.5 X Lgy x I2, 4)

whereas, the SMES active power Psygs, the SMES voltage
Vsm, the dc-link voltage V., and the duty cycle D,, of dc/dc
converter are related as the following:

Psyes = Vi X Iy (5)
Vm

Vie = ——— 6

dc (2Dm — 1) ( )

Ill. MULTILEVEL VOLTAGE SOURCE

INVERTER MODELLING

Recently, the multilevel inverter (MLI) topologies have found
vast attention by the researches in large-scale renewable
energy applications due to their outstanding performance.
The MLIs synthesize multilevel waveforms with high qual-
ity of injected grid currents without bulky low-frequency
transformers. Among MLI topologies, the NPC-based MLI
topologies have proved attractive practical applications in
several industrial systems, especially in PV systems. NPC
topologies eliminate the need for isolated dc sources in CHB
topologies. Moreover, they eliminate the needed flying capac-
itors compared to the other existing topologies.

A. CIRCUIT TOPOLOGY

The T-type version of NPC topologies has been developed
for improving their energy efficiency. The three-level T-type
inverter combines the advantages of low switching power
losses as in three-level MLIs and the low conduction power
losses as in two-level inverters. The circuit topology of the
three-level T-type inverter for grid-ties PV applications is
shown in Fig. 4 [4]. The outputted voltage of each phase
has three possible switching (namely P for positive, O for
zero, and N for negative output voltages). The switching
combinations of power switches for the T-type leg are shown
in Table 1.
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FIGURE 4. Grid-tied PV systems using the three-level T-type string
inverter.

B. MODULATION METHOD

The voltage levels of the T-type inverter are generated
through the modulation of the inverter. The level shifted pulse
width modulation (LS-PWM) method is widely employed for
T-type MLIs. The main waveforms for the LS-PWM method
for a three-level T-type inverter and the corresponding switch
gating signals are shown in Fig. 5. In the LS-PWM method,
there are (n — 1) requires carriers for the n number of output
voltage levels of the inverter. The modulating signal and
carriers for a three-level T-type inverter are shown in Fig. 5a.
A continuous comparison during the switching period T
of the modulating sinusoidal signal V,,, with the multilevel
carriers. Then, the logic gates are employed for the generated
output of the comparator to generate the switching gate pulses
of the switches. The outputted voltage of the inverter and
the filtered inverter current are shown in Fig. 5b. Whereas,
the gating pulses for the power semiconductor switches in
phase leg are shown in Fig. 5c.

C. CONTROL METHOD

The bidirectional voltage source converter (VSC) represent
the main element for integrating the PV and SMES sys-
tem to the utility grid. The controller for the grid-connected
inverters at the PV generation and the SMES system are
implemented using the d-q stationary reference frame control
method [13]. Fig. 6a and Fig. 6b show the control schematic
diagram of the PV and SMES inverters, respectively. The
d-q reference frame controller for both systems is shown
in Fig. 6¢c. There are two main functions of the bidirec-
tional VSC in these systems, including the grid synchro-
nization of the inverter system in addition to controlling the
active/reactive power flow from or to the utility grid. In the
proposed controller, the grid synchronization is performed
through employing the phase-locked-loop (PLL) system [26].
The angle 6 is extracted from the PLL system in order to
perform the synchronization process. Detailed modeling and
design of the controller with the system parameters can be
found in [27], [28].

There are two bidirectional VSCs in the selected case
study for integrating the PV system and SMES system to
the utility grid. In both systems, the controller has to track
properly the reference active power and reactive power for the
inverter. For the PV system, the widely employed incremental
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FIGURE 5. The operation of LS-PWM for three-level T-type inverter:
(a) Modulating and carrier signals, (b) Outputted phase voltage and
filtered current, and (c) Gating pulses of switches.

conductance (INC) maximum power point tracking (MPPT)
method is utilized. The sensed parameters of the PV array
voltage Vpy and current Ipy are fed into the INC-MPPT
method, which generates the duty cycle D; of the PV side
boost converter. Then, the reference active power Ppy .r is
calculated using the measured parameters Vpy and Ipy of the
PV system and fed into the d-q controller of the PV inverter
system. Moreover, the design of the control system of SMES
inverter is detailed in [3].

D. POWER LOSSES ANALYSIS

The employment of several VSCs in the hybrid system with
different active/reactive power controls has made the estima-
tions of the power losses of the converters of prime concern.
The power losses modeling in this paper has been carried out
in MATLAB based on numerical circuit simulations using the
same basics in [29]. The power losses due to the operation
of the three-level T-type inverter are analytically determined
based on practical datasheet parameters from the manufac-
turer. The total power losses Pjyss swircn With the power switch
can be calculated as follows:

Ploss,xwitch = Pcon,switch + Psw,switch (7)
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FIGURE 6. The control system of the VSCs at: (a) PV side controller,
(b) SMES side controller, and (c) d-q controller structure.

where Pcon, switch and Pg, swiren denote to the conduction and
switching power losses in the power switch. The switching
power losses are composed of the turn on power losses
Pon_switcn and the turn off power losses as following:

Psw,xwitch = Pon,swilch + Poﬁ,switch (8)
1

Psw,switch = ? Z[Eon(lswitchv szitch)
+Euﬂ Uswiteh> Vswitch)] 9

where Igyiicn and Vi, are the forward current through the
switch and the terminal voltage at any instant, respectively.
The parameters E,, and E, represent the turn on and turn off
energy of the switch, and they are normally given in the man-
ufacturer datasheet. Whereas, t denotes the time period for the
estimated switch loss. The power losses are calculated based
on the instantaneous measured switch voltage and current.
The conduction power losses Pcon, swirch Of the switch, the turn
on power losses Py swirch, for one transition and the turn off
power losses Py swiren for one transition are calculated as
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follows:

Pcon,switch = Iswitch Vf,switch) + Ixzwitchstitch (10)
I switch szitch,pre 1 (] 1 )

Ponswitch = Eon ol
Iswitch,ref szitch,ref At

I switch,pre szitch 1

Poﬁ‘,switch = Eoﬁ‘I (12)

switch, ref szitch,ref At
where V¢ qircn, and Ryyircn represent the forward voltage
and on resistance of the switch. Iyyirchpre and Viyirch,pre
are delayed one instant measured current Ig,,i;c, and voltage
Viswiten of the switch, respectively. The parameters Lsyirch, ref
and Viyireh,ref denote to the reference current and voltage
from manufacturer datasheet in the switching energies calcu-
lation tests. The parameter §¢ denotes to the simulation time
step of the MATLAB.

In the instantaneous power losses estimations, it is cru-
cial to define the turning on and off instants of the power
switch. For the power switch, the detection of the switch turn
on status (Turn on when (Zswiren,pre = 0) and (Vsyirch,pre >
Vf,switch + Iswitch,prestitch) and (Zswiren > 0)). Whereas the
turn off status is detected (Turn off when (Lswirch,pre > 0)
and (Vswiren > Ve switeh + LswitenRswiren) and (Ugyisen = 0)).
The same analysis can be made for the power semiconductor
diodes when the measured current of the switch is negative.
The conduction power losses can be estimated using (10) and
the parameters of the diode datasheet. Whereas, the switch-
ing power losses of the diode is calculated using (12) with
replacing the turn off energy of the switch with the diode
reverse recovery energy. The reverse recovery is detected
using the diode current and voltage (Reverse recovery when
(waitch,pre < 0) and (Vgioge < Vf,diode)' Where Vioqe and
V¥ diode denote to the measured diode voltage and forward
voltage drop of the diode.

IV. THE PROPOSED REACTIVE POWER

DISPATCH METHOD

In the new proposed method, a cooperative control strategy
is applied between the two power inverters of PV and SMES
systems to achieve the local optimized reactive power dis-
patch between the two inverters. Therefore, the PV and SMES
converters supply the local load completely by minimizing
the total power losses of power switches for the two inverters
in accordance. This in turn can reduce the thermal stress of the
switches compared to the conventional uncooperative reac-
tive power control of the two inverters. The main objective of
the new proposed method is to share the required load reactive
power locally between the PV and SMES power inverters in
order to achieve several objectives, which can be summarized
as follows:

« Minimizing the active and reactive powers come from
the utility grid as possible with achieving supply of
the local load cooperatively among the PV and SMES
inverters. While, the PCC voltage profile is regulated
within the permissible limit in the grid codes for the
whole day operation.

VOLUME 8, 2020

« Reducing the total power losses of the power switches
in the PV and SMES inverters during all modes of
operation.

e As a direct benefit of applying the proposed dis-
patch method, decreasing the thermal stresses of power
switches compared to the uncooperative reactive power-
sharing methods between the two power inverters.

« Enhancing the microgrid reliability during the intermit-
tent PV power supply at integrated fixed and variable
loads scenarios.

Fig. 7 shows the main elements of the power system and
the proposed control structure. Each of the PV and SMES sys-
tems has its local d-q controller that regulates the measured
currents to follow the reference currents. Whereas, the cen-
tral controller of the two inverters using the new proposed
algorithm manages the mode and amount of active and/or
reactive power flow of the system. The main objectives of
the system are to extract the maximum power point (MPPT)
of the PV system, achieving local power supply of the load
and accordingly minimizing the power from the utility grid.
The generalized objective function of the active and reactive
power supply to formulate the objectives in the new proposed
method can be written as follows:

Minimize [ Q1 = ) (Qpv + QsuEs)] (13)
Minimize [ Py = (Ppy + PsuEs)] (14)

The cooperative active and reactive power control is
achieved in terms of load reactive power (Q;), PV inverter’s
reactive power (Q,,), reactive power of the SMES inverter
(OsmEes)- Fig. 8 illustrates the complete flowchart of the pro-
posed active and reactive power control method between PV
and SMES inverters. There are two consecutive controllers
for active and reactive power references of the two inverters.
The main steps of the proposed active and reactive power
sharing method can be summarized as follows:

Step 1: The system parameters are measured through the
advanced metering infrastructures in the power systems. The
parameters include the measurement of the load active and
reactive power demand (P; and (), the extracted MPPT
power pf the PV generation system (Pp,), and the available
state of charge of the SMES system (SMES SoC).

Step 2: The active power flow is controlled by the PV
and SMES inverters side and the utility grid side. The active
power of the load demand (P;) is compared to the extracted
MPPT power from the PV (P,,). When the PV power exceeds
the demanded load power, the excess power is used for charg-
ing the SMES until the maximum SoC (S0Cy,4y) is reached
and then the excess power is injected to the utility grid. From
another side, if the generated PV power is lower than the
demanded load active power, the difference is covered by the
SMES until the SoC of SMES reaches the minimum value
(S0Cyin). Then, the required power is absorbed from the grid
when the PV and SMES active power do not fulfill the load
requirements of the active power.
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FIGURE 7. The power system structure and the new control method for hybrid PV and SMES power systems.

Step 3: Afterwards, the remaining available reactive power
capability of the PV and SMES inverters are calculated
through using the previously estimated active power and the
known capacities of the inverters. In this step, the amount
of available reactive power in the PV inverter Q,_p, and
the SMES inverter Q,_syrs are determined for the reactive
power sharing control. The available Q,_p, and Q,_sumes are
calculated as the following:

Qa,pv = S[%v - P[%v (15)
Qu_sMmEs = S.%MES —P %MES (16)

where §,, and Ssygs represent the capacity of the PV
inverter, and SMES inverter, respectively. The active power
Ppy and Pgpyes represent the MPPT generated power and the
SMES charging/discharging power command as in step 2,
respectively.

Step 4: The second stage is the control of reactive power
sharing of the PV and SMES inverters. The available max-
imum reactive power share of each of the connected invert-
ers are determined in step 3. A priority is given within the
proposed approach to minimize the reactive power absorp-
tion/injection with the grid. Whereas, the local reactive power
supply is achieved through the local PV and SMES inverters.
In case of the required load reactive power is lower than

183714

the sum of available reactive power capability of the PV
and SMES inverter, the total demanded reactive power is
shared by local PV and SMES inverters. The sharing can
be symmetrical when both of the inverters can supply half
of the required load reactive power. Whereas, the reactive
power sharing can be asymmetrical in the case of the two
inverters has available reactive power lower than the half of
the required load reactive power. In this case, the reactive
power sharing is controlled asymmetrically to fulfill the local
load supply. From another side, the grid contributed to the
reactive power supply in case of the required load reactive
power exceeds the sum of the available reactive power in
PV and SMES inverters. Lastly, the reference dq currents for
the two inverters are obtained using the reference active and
reactive power for each inverter [27]. Therefore, the local
active and reactive power supply can be achieved using the
new proposed algorithm, whereas, the absorbed active and
reactive power from the grid is minimized. Thence, enhanced
energy efficiency and reliability can be achieved by applying
the new proposed method.

V. RESULTS AND DISCUSSIONS

The grid connected hybrid PV-SMES microgrid distribution
system is used as a case study to verify the new reactive power
dispatch method. Two scenarios are studied, the first one is
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FIGURE 8. Flowchart of the proposed active and reactive power control method.

during a fixed load (250 kW, 0.707 lagging power factor) and
the second scenario is at a variable load condition as shown
in Fig. 1. The SMES has 1000 A, an initial current, 5 H coil
inductance, and 1.5 MVA SMES VSC capacity. The detailed
simulation parameters of the selected case study are given
in [30]. The two scenarios have been tested with four cases,
which can be summarized as follows:
e Case 1: PV only without injecting reactive power
(i.e., Opy = 0.0),
o Case 2: PV only with injecting reactive power is equal
to 50% of the load reactive power (i.e., Oy, = 50%Qy),
e Case 3: PV only with injecting reactive power is equal
to full load reactive power (i.e., Qpy = 100%0)),
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e Case 4: PV and SMES with equally sharing of the
injecting load reactive power (i.e., Qpy = 50%Q; and
Osmes = 50%Q).

A. FIXED LOADING SCENARIO

In this scenario, the abovementioned four cases are tested in
the presence of a fixed load connected with the microgrid
system. Fig. 9a shows the response of reactive power for
the four tested cases as described above. It is clear that in
case 4, the load reactive power is completely compensated
with the cooperation between PV and SMES inverters equally
and there is no reactive power absorbed from the utility grid.
On the other hand, in cases 1, 2, and 3, reactive power is
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required to be absorbed from the grid to provide the load
reactive power. The output reactive power of PV inverter
is discussed in Fig. 9b for the four operating cases of the
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FIGURE 10. The performance of the SMES side power conversion system
at a fixed load profile.

microgrid. In both cases 2 and 4, the PV inverter injects half of
the load reactive power. Hence, it operates with lower thermal
stresses than at case 3 because the output inverter’s reactive
power peak is 250 kVAR in case 2 and 4, and it is equal to
500 kVAR in case 3 during a period of no generation PV
power. The PV inverter reactive power reduces by starting in a
generation of the PV active power due to the inverter capacity
limit. The injected reactive power reaches zero value at the
period of the peak PV active power generation.

Fig. 9¢ shows the PCC voltage profile in four cases, it can
be seen that the voltage profile is approximately constant
at 1.01 p.u. during the whole day in the case of equally
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load reactive power sharing between PV and SMES inverters.
Case 1 represents the worst scenario regarding the PCC volt-
age profile due to the fluctuating power of PV generation and
the absence of the SMES. Whereas, injecting local reactive
power in cases 2, 3, and 4 helps at regulating the PCC voltage.
It can be also seen that the difference among cases 2, and 3
with case 4 due to the incorporation of SMES with better
voltage regulation for the whole daily profile. The behavior of
line active power exchange with the utility grid at the PCC is
shown in Fig. 9d. The utilization of SMES in case 4 achieves
minimal absorbed active power from the grid at the PCC.
In which, the SMES cooperates with PV in supplying the
local load with active and reactive power demands. In addi-
tion, the absence of SMES and PV generation in the night
time in the other cases requires power absorption from the
grid.

The performance of the SMES and its power conversion are
shown in Fig. 10. The active and reactive power of the SMES
side power conversion system are shown in Fig. 10a. The
stored SMES energy is transferred to the connected load dur-
ing the absence and insufficient generation of the PV system.
This, in turn, helps at providing local active power supply for
the load in addition to smoothing the power generation of the
fluctuated in nature PV system. Moreover, the reactive power
is shared among the PV and SMES inverters during the night
time. Whereas reactive power supply is made through the
SMES inverter during peak PV generation due to the capacity
of the PV inverter. Thence, the new proposed sharing strategy
can provide local active and reactive power supply and hence
reducing the dependency of powers come from the utility grid
as possible.

From another side, the SMES coil current and its stored
energy for the daily load profile are shown in Fig. 10b. It can
be seen that both of them start from its initial state then it
decreases during the discharge mode of SMES. Then, they
increase during the charge mode of the SMES when the PV
generation exceeds the load demand. It can be seen also
the smooth current and energy transfer from/to the SMES
coil using the proposed control strategy. Fig. 10c shows
the dc-link voltage of the SMES inverter and the voltage
of SMES coil. The voltage of dc-link capacitor is approx-
imately constant at 2400 V during all modes of operation.
In addition, the polarity of the voltage across the SMES
coil is determined according to the required charge/discharge
operation.

Fig. 11 provides the comparison of the daily inverter power
losses of the PV and SMES inverters in cases 3 and case 4.
It can be seen that great improvement is achieved in the
total switching power loss with case 4 with applying the
dispatchable reactive power method between PV and SMES
inverters than in case 3. The average power losses for the
inverters for case 3 is 2.457 kW, whereas the average power
losses for case 4 is 1.826 kW. This, in turn, leads to a reduction
of 25.7% of the power losses due to sharing the reactive
power sharing between the SMES and PV inverter compared
to supplying the reactive power by only the PV inverter.
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B. VARIABLE LOADING SCENARIO

Additionally, the proposed strategy is investigated using the
case study of variable load, which is integrated into the grid
connected hybrid PV-SMES microgrid distribution system.
The loading profile for the selected case study is shown
in Fig. 12. It is assumed that the power factor of the load is
fixed at 0.707 lagging for the daily load demand. The system
is tested for the same abovementioned four operating scenar-
ios. The tested cases are analyzed to prove the effectiveness
of the proposed dispatchable reactive power method.

The system performance for the variable load scenario is
shown in Fig. 13. Fig. 13a shows the line reactive power at
PCC in the presence of the variable load demand for the four
cases. By applying the dispatch reactive power between PV
and SMES, completely load reactive power supplying can be
achieved locally from the sharing between PV and SMES
inverters in case 4. Whereas, the contribution of the utility
grid in injecting reactive power is needed in all other three
cases (case 1, case 2, case 3) to provide the variable load
especially the PV generation power period.

From another side, the reactive power supply by the PV
inverter for the four cases is shown in Fig. 13b. The reactive
power of the load demand is shared between the PV inverter
and the utility grid in case 2. Whereas, it is shared between
the PV inverter and the SMES inverter for case 4. This
leads to lowering the thermal stresses of the inverter system,
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FIGURE 13. The daily profiles of the active and reactive power at variable

load profile.

which enables the PV inverter to perform its function with
more flexibility. Moreover, a prolonged operating lifetime of
the inverter can be achieved for case 2 and case 4 of the
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PV inverter. The voltages at the PCC for the four cases are
shown in Fig. 13c. It can be seen that the proposed sharing
strategy preserves fixed voltage at PCC compared with the
other cases.

The active power exchange at the PCC for the four cases
with variable load demand is shown in Fig. 13d. It is clear
that the minimum active power exchange with the utility grid
is achieved using the proposed strategy in case 4. This is as
a direct result of employing the SMES system for providing
the suitable support of active power. The proposed method
can help in enhancing the reliability of power supply and
reducing the energy loss due to grid transmission of the
active power. Whereas, the other cases require the utility grid
for supplying the extra demanded energy and compensating
the variability of the outputted power of the PV generation
systems.

The performance of the SMES side power conversion
systems is shown in Fig. 14. Fig. 14a shows the active and
reactive power exchange of the SMES-side inverter for case 4.
It can be seen that the SMES inverter supply the load active
power during night time, whereas it absorbs the remaining
power of the PV during the day time. Moreover, the SMES
inverter shares the reactive power with the PV inverter dur-
ing the absence of solar irradiance at night time. Whereas,
the SMES inverter supply the reactive power required by
the load during the PV generation peaks due to the limited
capacity of the PV inverter.

The corresponding SMES current and energy for the vari-
able load condition with case 4 are shown in Fig. 14b. It can
be seen that the SMES current and energy are decreasing
simultaneously during the discharging mode. Whereas, they
are simultaneously increasing during the charging mode.
A smooth power transfer from/to the SMES coil is achieved
using the proposed control strategy. The performance of
the dc-link voltage and the SMES coil voltage are shown
in Fig. 14c. It is clear that the dc-link voltage is regulated
to be fixed without fluctuations with the load variations.
The control of the dc-link voltage is crucial for determining
the operating lifetime and thermal stresses of the dc-link
capacitors.

The total power losses of the SMES and PV inverter for
case 3 and case 4 are compared in Fig. 15. The reactive power
share between the two inverters in case 4 can help to reduce
the total power losses than case 3. This, in turn, enhances the
energy efficiency of the power conversion system in addition
to reducing the stresses of the power electronic components
of the inverters. In particular, the thermal stresses are pro-
portionally related to the power losses in the inverter system.
Therefore, reduced thermal stresses and longer lifetime are
achieved through the proposed reactive power sharing strat-
egy. The average power losses of the daily power losses are
estimated for case 3 and case 4. The new proposed sharing
strategy achieves average power losses of 1.696 kW, whereas
case 3 has 2.179 kW average power losses. This, in turn, leads
to about 22.2% improvement as a direct result of applying
the new proposed reactive power sharing strategy. Moreover,
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FIGURE 14. The performance of the SMES side power conversion system
at a variable load profile.

Fig. 16 shows the comparison of SMES AC power losses at
fixed and variable load scenarios. The curve fitting method
in [31] is used for the estimation of the AC power losses of
the SMES device. It can be seen that the variable load scenario
exhibits more AC power losses in the SMES device than the
fixed load scenario. This is due to the required active power
exchange at the variable load scenario.

C. PERFORMANCE COMPARISON

Table 2 summarizes the various performance metrics and
comparisons of the various operating scenarios. The four
scenarios include the existence of SMES system and the

VOLUME 8, 2020

=
tn

= = - Average power loss Case 3
Hrmmmmm—— Case3
Case 4
{{===—=" Average power loss Case 4

'S

ol
wn

[

Il
tn

N

Total power loss (kW)
&

-

0.5

0 4 8 12 16 20 24
Time (hours)

FIGURE 15. Comparison of the total power loss of PV and SMES inverters
at case 3, and case 4 at variable load scenario.

1.45

Fixed loading scenario — — -Variable loading scenario

1.25

SMES AC power loss (kW)
-

=
[¥]

. 12 20 24
Time (hours)

FIGURE 16. Comparison of the SMES power loss at fixed and variable
load scenarios.

additional functionality of reactive power sharing by the
SMES and PV inverters. It can be seen that the case 3 and the
proposed approach (case 4) can achieve local active and reac-
tive power supply of the microgrid loads. However, the full
and partial absorption of reactive power in case 1 and case 2,
respectively, resulting in decreasing the energy efficiency of
the power system. This is due to the power losses in the
transmission lines, which depend on the conductor properties
and the distance between the load and the grid. Whereas,
local partial reactive power supply in case 2 can reduce the
transmission line losses. The proposed sharing approach in
case 4 in addition to case 3 helps at eliminating the power loss
that is related to the reactive power in the transmission lines.
From another side, the local reactive power supply imposes
additional stresses on the power electronic components of the
SMES and PV inverters. For case 1, there are not added power
losses in the inverter system, and hence no additional thermal
stresses due to the lack of reactive power injection by the
inverters. Whereas, the proposed approach and case 2 per-
form partial reactive power injection of each inverter (50% of
load). This, in turn, results in additional power losses in the
inverters according to the amount of the reactive power share.
Case 3 represents the highest stress inverters due to the full
reactive power compensation by the PV inverter. As a result,
increased thermal stresses exist in case 3, which require more
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TABLE 2. Performance indices comparison of the proposed strategy.

g:;formance M1 Case 1 Case 2 Case 3 Case 4
PV only with injecting reac- | PV only with injecting reac- | PV and SMES with equally
Property PV only without injecting reac- | tive power is equal to 50% of | tive power is equal to full load | sharing of the injecting load
tive power (i.e., Qpv = 0.0) the load reactive power (i.e., | reactive power (i.e., Qpyv = reactive power (i.e., Qpv =
qu = 50%Q)) 100%Q1) 50%Q; and Qsm = 50%Q);)
Local
active/reactive Not achieved Not achieved Not achieved Achieved
power supply
Very low (the total required re- | Low (half of the required re- | Medium (average power losses | High (average power losses of
Energy active power is absorbed from | active power is absorbed from | of 2.457 kW for fixed load sce- | 1.826 kW for fixed load sce-
efficiency the grid with high transmission | the grid with high transmission | nario and average power losses | nario and average power losses
line power losses) line power losses) of 2.179 kW for variable load) of 1.696 kW for variable load)
Component Normal Medium Highest Medium
stresses

cooling systems, higher ratings of power components, and
reduce the operating lifetime of the inverters.

VI. CONCLUSION

This paper has presented an efficient reactive power sharing
methodology between hybrid renewable energy generation
and energy storage systems. The proposed method benefits
the recent smart functionalities of PV and SMES power
inverter at supporting the local load supply. In the proposed
method, both of the PV and SMES inverters perform the
DSTATCOM function. Therefore, the local reactive power
supply can be achieved without transmission line losses
and/or oversizing of the system components. The addition
of the SMES helps at suppressing the fluctuations of the
PV generation in addition to storing the excess PV energy
for the night use. A microgrid with fixed and variable load
scenarios are tested for the different operating modes. The
results show that the proposed method can achieve optimized
reactive power dispatch between the PV and SMES inverter.
Moreover, the results of the tested case study show that the
proposed reactive power sharing between the PV and SMES
inverter achieves lower power losses than without sharing
by 25.7% and 22.2% at fixed and variable load scenarios,
respectively. The proposed reactive power sharing strategy
preserves reduced thermal stresses due to the reduced power
losses than without sharing. Therefore, a longer lifetime can
be achieved for the grid integration inverters. The new pro-
posed method offers a golden solution for achieving clean-
liness environment, reducing the dependency on fossil fuel
consumption, and comprehensive support of utility grid sus-
tainability and reliability.
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