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Abstract—The microgrid concept allows small distributed en-ergy resources (DERS) to act in a coordinated manner to
provide a necessary amount of active power and ancillary service when re-quired. This paper proposes an approach of
coordinated and in-tegrated control of solar PV generators with the maximum power point tracking (MPPT) control and
battery storage control to pro-vide voltage and frequency (V-f) support to an islanded microgrid. Also, active and
nonactive/reactive power (P-Q) control with solar PV, MPPT and battery storage is proposed for the grid connected mode.
The control strategies show effective coordination between inverter V-f (or P-Q) control, MPPT control, and energy storage
charging and discharging control. The paper also shows an effective coordination among participating microresources
while con-sidering the case of changing irradiance and battery state of charge (SOC) constraint. The simulation studies are
carried out with the IEEE 13-bus feeder test system in grid connected and islanded mi-crogrid modes. The results clearly
verify the effectiveness of pro-posed control methods. The simulations are carried out in Matlab and Simpowersystems.

Index Terms—Active and reactive power control, distributed energy resource (DER), distributed generation (DG),

maximum power point tracking (MPPT), voltage and frequency control, solar photovoltaic (PV).

I. INTRODUCTION

The microgrid is a collection of distributed generators
orMicro resources, energy storage devices, and loads which
operate as a single and independent controllable system
capable of providing both power and heat to the area of
service . The micro resources that are incorporated in a
microgrid are comprised of small units, less than 100 kW,
provided with power electronics (PE) interface. Most
common resources are Solar Photovoltaic (PV), Fuel Cell
(FC), or microturbines connected at the distribution voltage
level. In a microgrid, the micro sources and storage devices
are connected to the feeders through the microsource
controllers (MCs) and the coordination among the micro
sources is carried out by the central controller (CC).The
microgrid is connected to the medium voltage level utility
grid at the point of common coupling (PCC) through the
circuit breakers. When a microgrid is connected to the grid,
the operational control of voltage and frequency is done
entirely by the grid; however, a microgrid still supplies the
critical loads at PCC, thus, acting as a PQ bus. In islanded
condition, a microgrid has to operate on its own, independent
of the grid, to control the voltage and frequency of the
microgrid and hence, acts like a PV (power-voltage) bus.The
operation and management in both the modes is controlled
andcoordinated with the help of microsource controllers
(MCs) at the local level and central controller (CCs) at the

global le el. Similar to the traditional synchronous generator
frequency control, themicrogrid voltage and frequency
control can also be performed using droop control methods.
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The present work provides fast response haracteristics for
voltage and frequency control as compared to the secondary
control considered in . The analogy between inverter control
and the synchronous generator control in an islanded
microgrid is studied in detail in . In the islanded mode, there
is the necessity of having a reference voltage and frequency
signals in the microgrid inverter control.

The operation and control of the inverter interface of
renewable- based distributed energy resources (DERS), like
Solar Photovoltaic (PV) in a microgrid, is a real challenge,
especially when it comes to maintaining both microgrid
voltage and frequency within an acceptable range. A voltage
control method based on traditional droop control for voltage
sag mitigation along with voltage ride through capability is
proposed in.

A dynamic voltage regulation based on adaptive control is
proposed in. However, there are not many research

works performed on V-f or P-Q control using solar PV
including MPPT control and battery storage in microgrids.
In, frequency regulation with PV in microgrids is studied;
however, this work does not consider the voltage control
objective and lacks battery storage in the microgrid.

In, a small scale PV is considered in a grid-connected

mode to control the active and reactive power of the system.
Here, the control methods consider abc-dq0 transformation
and vice versa which is avoided in the present paper. In,
power modulation of solar PV generators with an electric
double layer capacitor as energy storage is considered for
frequency control. In, load frequency control is implemented
in microgridwith PV and storage; however, this work also
lacks the consideration of a voltage control objective. The
voltage and frequency control with solar PV and battery in
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microgrid with an induction machine is investigated in;
however, this work does not explain the transfer mechanism
of controls to consider the battery SOC constraint. In
summary, the previous works in this topic either lack the
incorporation of an energy storage component or the voltage
control objective along with frequency control or the
incorporation of control transition in different scenarios. The
present work fulfills these gaps by considering all of these
objectives. This paper proposes several control algorithms
through which the capability of PV generators for voltage and
frequency (V-f) control and active and onactive/reactive
power (P-Q) control in islanded and grid connected
microgrids could be harnessed. Detailed models of PV,
battery, inverter and converter are considered for the study.
The major contribution and novelty of the proposed control
methods lie in the coordination among individual proposed
control methods: MPPT control at the PV side, battery
control, and V-f/P-Q control algorithm at the inverter side.
These three control algorithms at three stages are jointly
linked through a power balance objective at the DC and AC
side of the inverter so that the DC side

voltage is indirectly controlled at the desired value in order
to maintain the AC side voltage at the utility desired voltage.
Also, the proposed control methods have the capability of
handling battery state of charge (SOC) constraints through
the coordination of controls between participating
microresources in the microgrid. This is a very important
contribution from this work as compared to other literatures
in this area. At the same time, the controls can seamlessly
transform from one mode e.g., inverter P-Q control in grid
connected mode to V-f controlin islanded mode. The
proposed control methods are validatedwith satisfactory
results. The controls are developed in abcreference frames
using the RMS/average values of voltagesand active and
reactive power. Hence, it is easy and efficientto implement,
and avoids the transformation to and from otherreference
frames which greatly simplifies the control strategies.

The chosen control parameters in the proposed ethodologies
are, however, dependent on the PV, battery, and external
powergrid conditions. These parameters can be adaptively
achievedwith the changing system conditions which could be
a verypromising future direction of this work.

The rest of the paper is organized as follows: Section I11
briefly presents the analytical modeling of Solar PV with
modelvalidation results. Section 1V shows the PV system
configuration,describes the modeling of the battery storage,
and providesinformation about the structure of IEEE 13-bus
distributionfeeder under study. Section V describes the
proposed coordinatedV-f and P-Q control algorithms while
incorporating PVMPPT control and battery storage control.
Section VI presentsconvincing results to prove the
effectiveness of the proposedcontrol algorithms. Finally,
Section VII summarizes the majorcontributions of the paper.
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Fig. 2. The v characteristics of Kyocera KC)ZOOGT from
simulation with (a) varying irradiance at a cell temperature
of 25. C and; (b) varying cell temperature at 1000W/m:

11 SOLAR PV MODELING AND VALIDATION

The commonly accepted solar cell model is a one diode
model,this work uses the single diode model of the solar cell
to model the Kyocera KC200GT solar array,

which is shown in Fig. 1.

I=lpy-lo(exp((V+Rs])/Vtherm a)-1)-(V+Rsl)/Rsh----(1)
where Ipy and lp are the photo current and the diode
saturation currents, respectively;

Vinerm=(Ns*kT/q) is the thermal voltage of the array,
Ns being the cells connected in series for greater output
voltage,
K is the Boltzmann constant(1.38x10% J/K),
T (Kelvin) is the temperature of the p-n junction of the diode,
and
Q is the electron charge ( 1.6x10™° C);
Rs and Rsh are the equivalent series and shunt resistances of
the array, respectively; and
a is the ideality factor usually chosen in the range 1<a<l1.5 .
Herea is taken as 1.
The photocurrent of the PV array depends linearly on the
solar irradiance and the cell temperature, as shown by (2).

Ipv=(Ipv,N+K1AT)G/Gn---(2)
Where Ipy,n is the photocurrent at the standard test condition
(STC, 25 C and 1000 W/m2,K is the short circuit current/
AT is temperature coefficient; is the difference between the
actual and nominal temperature in Kelvin;
G is the irradiation on the device surface; and
Gyis the nominal radiation, both in W/m .
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can be calculated based on (3)
Ipv,n:((RLoad+RLoad1)/RLoad)*Iscf(3)
Using these fundamental equations and parameters from the
data sheet, the PV model is developed and verified with the
panel datasheet. The I-V characteristics of KC200GT for
different irradiance levels at the cell temperature of 25 C and
varying cell temperature for a constant irradiance level of
1000 W/m as obtained from the simulation are shown in Figs.
2(a) and (b), respe.The similarities of the I-V curves for
different conditions with the corresponding curves in the
KC200GT panel datasheet prove the validity of the
developed solar panel model. The parameters of the PV panel
under study are shown in Table I.
The PV system under study for the proposed V-f and P-Q
control has 125 strings with each string having 4 series
connectedpanels. The Maximum Power Point (MPP) for a
single panel of KC200GT at 1000 W/m and 25 C (STC) is
200 W.Hence, the maximum power of the PV generator at
STC is 125x4x200kW. The MPP varies according to the
change in irradiance level and cell temperature.
I1l. PV SYSTEM CONFIGURATION AND SYSTEM
DESCRIPTION:

A. PV System Configuration:

Fig. 3 shows the PV system configuration for V-f and P-Q
control with PV operating at MPP including the battery
storage backup. It is a two-stage configuration where a
DC-DC boost converter is used for MPPT control. The
system also considers a battery back-up in case of
emergencies while maintaining the voltage and frequency of
the microgrid or while trying to supply the critical loads.

A battery is connected in parallel to the PV to inject or absorb
active power through a bidirectional DC-DC converter.
When the battery is absorbing power, the converter operates
in the buck mode and when battery is injecting power to the
grid, it operates in the boost mode. The operation mode is
maintained through the control signal provided to the
converter switches.
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Fig. 3. System configuration of V-f control with solar PV
generator operatingat MPPT with a battery storage system.

The PV system is connected to the grid through a coupling

inductor Lc. The coupling inductor filters out the ripples in
the PV output current. The connection point is called the
point of common coupling (PCC) and the PCC voltage is
denoted asVt(t). The rest of the system in Fig. 3 denotes the
IEEE 13-bus distribution feeder which is simplified as a
substation with the feeder equivalent impedance, R+joLs.

The details of the IEEE-13 bus system will be described in
the next section. The PV source is connected to the DC link
of the inverter with a capacitor Cdc . The PV is the active
power source, and the capacitor is the reactive power source
of the PV system. According to the instantaneous power
definitions, for a balanced three-phase system, if Vt(t) and
Vc(t) denote the instantaneous PCC voltage and the inverter
output voltage (harmonics neglected), respectively, then the
average power of the PV denoted As P(t) , the apparent power
S(t) and the average reactive power Q(t) of the PV are as
given below.

PIT=2IT [ 12 Vt(t)Ie(t)dt=Vc(t)It(t)/ wLcSina------- 4)
S(t)=Vt(t)lc(ty=Ve(t) oLV Vit +Ve(t)’-2Vi(t) Ve(t)cosa(5)

Q(t)=VS*(1)-P2(t)=Vt(t)/wLc(Ve(t)cosa-Vi(t)------(6)

Here, is the phase angle of Vc(t) relative to the PCC voltage.
P(t) and Q(t) in (4) and (6) can be approximated by the first
terms of the Taylor series if the angle is small, as shown in (7)
and (8):

P(tj(vt(t)Ve(t)/ wLc)a-------- (7
Qt(tjVt(t)YoLe)*Vi(t)-Ve(t)------ (8)
VBatt=Vo-R.i-KQ/Q-it(it+t*)+Exp(t)----(9)

VBatt=V,-R.i-[KQ/it-0.1Q]i*-[KQ/Q-it].it+Exp(t)---(10)

B. Battery Modeling:

shown in Fig. 4. It consists of a substation, 13 buses or nodes,
In this paper, the battery model is taken from the MATLAB
SimPowerSystemslibrary with appropriate parameters which
will be used for the proposed V-f and P-Q controls. The
detailed description about the battery model is given in. Due
to the intermittent and uncertain nature of solar power output
and also the highly fluctuating load demands, deep cycle lead
acid batteries are the most common type of battery storage in
microgrid applications because the maximum capacity of the
battery can be utilized. Hence, in this paper, a battery is
modeled as a lead acid battery with appropriate choice of
parameters for deep cycle application. It is assumed that the
lead acid battery can be discharged up to SOC of 20% and
can be charged up to SOC of 80%. The battery model in is an
analytical model with two equations representing the battery
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discharge and charge models. The battery discharge and
charge model for a lead acid battery is given by (9) and (10),

Substation (115 KV)

: Bus 650

L¢z  Constant Impedance loads
L¢; Constant Current loads
Lcp  Constant Power loads T
vV,
T Transformer 115 kV/4.16 kV
Bus 646 Bus 645 Bus632  Bus633  Bus 634
Licz ks T2 Lice
Lice 4.16 KV/480V
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us us us us S
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! < Laai
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Fig. 4. IEEE-13 bus distribution feeder.

where, Vbatt is the battery voltage (V), Vois the battery
constant voltage (V), K is polarisation constant (V/Ah) or
polarization resistance(Q2), Q is battery capacity (Ah), battery
charge (Ah), A is exponential zone amplitude (V), B is
exponential zone time constant inverse (Ah ), Ris the internal
Resistance(Q), i is battery current (A), and i* is filtered
current (A).

respectively(9) (10) 1.

",
PIM ref Outt

Discrete
PI Controller

PF"V actual

FIG.MPPT CONTROL

Fig.Integrated Solar PV MPPT and V-f control diagram.

In this model, the term for polarisation voltage and
polarization resistance is considered to model the Open
Circuit Voltage (OCV) of the battery more accurately. The
term inside the first square bracket in (10) represents the
polarisation resistance andthe second square bracket
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represents the polarisation voltage. The size of the battery is
selected to provide a maximum backup power to compensate
for the PV generation in the case of a very small or no
irradiance level. In this work, the MPP of PV generator at
STC is 100 kW. Hence, the battery is chosen to provide this
amount of power for a maximum of 1 hour with an energy
content of 100 kWh. The battery backup is considered for
short duration applications like frequency control and
supplying power to critical loads in the event of emergency
situations.One hour of battery backup is considered to be
enough for other backup generators to take over the controls
in the microgrid emergency situations.

C. Description of IEEE 13-Bus Distribution Feeder:

The diagram of the IEEE 13-bus distribution test system is
shown in Fig. 4. It consists of a substation, 13 buses or nodes,
11 line sections, and 8 loads. The loads comprise of a
combination of constant impedance, constant current, and
constant power (ZIP) loads but most of them are constant
power loads. The substation is at 115 kV and it is stepped
down to 4.16 kV by a distribution transformer (T1). There is
one more transformer (T2) which steps down 4.16 kV to 480
V. In the grid connected mode, the substation located at Bus
650 at 115 kV level is considered as a source. In an islanded
microgrid case, a diesel generator connected at the same bus
supplies the microgrid with a fixed amount of active power as
referenced by the central controller (CC) of the microgrid.

IV. MPPT AND BATTERY INTEGRATED V-F AND P-Q
CoNTROL METHODS:

1) MPPT and Battery Integrated V-f Control
Method:

The MPPT and battery integrated V -f control diagrams are
shown in Figs. 5 and 6, respectively. The control comprises
of one loop for MPPT control, two different loops for V-f
control at the inverter side and another loop for battery power
management.

The loop 1 in Fig. 5 isa MPPT control at the PV array side
which uses the reference MPP, Prrert from the look up table
of irradiance versus MPP. Then, it compares the actual PV
power output, Pev with this reference and feeds this error to
a PI controller, PI: which outputs the duty cycle ¢ for the
DC-DC booster so that the array always operates at the
referenced point. The equation for this control loop is given
by (11).

Here, K1 and K are the controller proportional and integral
gains respectively

§"=Kp1*(PMMref-PPV)+Kil* [ PMMref-PPV)dt----(11)
Another feedback PI controller PIz is used for voltage control

at AC side. As shown in the control diagram in Fig. 5 (loop

2), the PCC voltage is measured and the rms value of w#) is

calculated. Then, the rms value Vi(¢lis compared to a voltage
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reference V,(¢) which could be a voltage specified by the utility,
and the error is fed to a PI controller. The inverter output voltage
ok is controlled so that it is in phase with the PCC voltage, and
the magnitude of the inverter output voltage is controlled

so that the PCC voltage is regulated at a given level V.{#).
The control scheme can be specifically expressed as (12).

VL (t)=VO[+Kp2(VE<()- V(1) +KI2 [o'(VE*(t)-Vi(t)dt)]-
~(12)

where K2 and Krare the controller gains for this loop.

In (12), 1 has been added to the right-hand side such that
when there is no injection from the PV generator, the PV
output voltage is exactly the same as the terminal voltage.
The frequency control is carried out by controlling the active
power output at the inverter side as shown in the outermost loop
The referenced microgrid frequency of 60 Hz is compared with
the measured value and this error is fed to the PI controller PI3
that provides the phase shift contribution cxx which shifts the
voltage waveform in timescale such that the active power
injected will be enough to maintain the frequency at 60 Hz
nom-inal value. The equation for this control is given by (13)

al*=Kp3(fref-fmeasured)+KI3 [ fref-fmeasured)dt---(13)

There is another controller PLs used in the same loop 3. This
controller maintains active power balance between the AC and
DC sides of the inverter. The reference signal for PL: is obtained
from the dynamically changing active power injection from the
inverter at the AC side as determined by the output of PIs . The
measured AC side active power, PacCmeaswedis multiplied by
a factor of 1.02 considering the efficiency of inverter as 98%
such that the DC side active power is 102% of the AC side
active power. The DC side active power is compared with
this value of AC side power and the error is fed to Plsto
obtain the phase shift contribution from this loop as . The
equation for this control is given by (14)

a2*=Kp4(1.02*PAC-PDC)+KI4 [,(1.02*PAC-PDC)dt(14)

The phase shift contributions from DC and AC sides, s ang c
+ are then averaged as given by (15) to obtain the final phase
shift, c of the voltage waveform, wei»Which, then, generates the
voltage reference signal v for the inverter PWM

a*=(al*+a2*)/2----(15)

Page | 6989

ISSN:0971-1260
Vol-22-Issue-4-October-December-2019

Relational
Operator!

&

[CHARGE I

FINVERTER

TO BUCK SIGNAL

Logical
Operatord

NOT

Logical
Operstor2

Pl

Relational
Operator2

Discrete
PI Controller

ol AND 2
J TO BOOST SIGNAL
DISCHARGE MODE1 Logical

Operatorl

Repesting
Sequence

Fig. 6. Battery power control diagram.

Here, the reason behind considering phase shift contributions
from both DC and AC side active power is to control the DC
side voltage and achieve the desired value. By making and
close in range through the controller gains, it can be assured
that the active power at the DC and AC sides is balanced.
This, coupled with the voltage control loop, assures that the
DC side voltage is maintained at the value desired by the AC
side voltage.
The controls shown in the diagram of Fig. 5 and described
above are also integrated with the battery power control
shown in Fig. 6. The battery is incorporated in the PV system
configuration in order to supply or absorb active power and
support the frequency control objective with the PV
generator. If there is abundant solar power and the active
power required for frequencycontrol is less than PV MPP,
then the battery will be charged. If there is not enough solar
power available and if the active power required for
frequency control is more than PV MPP, then the battery will
supply the deficit power in order to maintain the microgrid
frequency at 60 Hz. Hence, the control method for the battery
charge/discharge that depends on this requirementis
developed as shown in Fig. 6. It also shows the selection of
charge and discharge modes which handle the battery SOC
constraint and will be described later in the Part B of this
section. In Fig. 6, the reference power to the battery, is
generateddynamically by subtracting the inverter active
power injection, from the power generated by . The controller
comprised of a Pl controller, which receives the error signal
obtained after subtracting the actual battery power, from the
battery reference, . The signal obtained from is then
compared with a triangular waveform of unity magnitude to
generate the signal, . This is similar to common Pulse Width
Modulation (PWM) in inverter controls. And are the
proportional and integral gains respectively. The
equation for this control is given by (16)
S*=KP5(PBattref-PBatt)+KI5 [ ' (PBattref-PBatt)dt---(16)
One more step is considered to differentiate the charging and
discharging mode of the battery. This is undertaken by
comparingwith . If , the battery is in charging mode, hence,
the signal obtained from the PWM, and the result of this
comparison is passed through a logical AND to generate a
Copyright (© 2019Authors
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switching signal which activates the Buck mode of the
DC-DC converter. If the conditionis false, (i.e.,), the opposite
of this signal and is passed through a logical AND to generate
a switching signal which activates the Boost mode of the
DC-DC converter. Hence, with this control logic, the
converter is capable of operating in both directions and
therefore, effectively charging and discharging the battery
whenever required. This will be verified through the results
presented in Section V1 of this paper.

B. Moadification of V-F Control With Battery SOC
Constraint:

When there is abundant solar irradiance available and the
active power required for the microgrid frequency control is
less than active power produced by the PV generator at MPP
i.e., and at the same time the battery SOC is 80%, then, the
battery cannot be charged beyond this upper limit of SOC. In
such case, decreasing the output power of PV generator
would lead to nderutilization of the solar resource. Hence, a
global control mechanism is required in a microgrid which
can transition the PV control from frequency control mode to
constant power mode with power to be generated at .
Meanwhile, there should be a mechanism to allow any other
generator of the microgrid to handle the frequency control
problem. In the microgrid system under consideration, there
is a diesel generator which can decrease its generation in
order to match the PV generation increase. Hence, the power
balance of the system will be maintained in order to control
the microgrid frequency. Similarly, when the irradiance is
low such that the maximum power from PV generator is not
enough to maintain the microgrid frequency i.e., and at the
same time, the battery SOC is 20%, then the battery will not
be able to back up the PV generator. In such case, the
frequency control function needs to be transferred to other
available generator if possible, in this case, a diesel generator.
Again, a global control mechanism becomes an absolute
necessity for allowing the transition of PV generator control
from frequency control mode to constant MPP mode and the
diesel generator control from constant active power mode to
frequency control mode such that the frequency stability of
the microgrid can be achieved. Figs. 6, 7, and 8 show the
modifications of controls at different

stages in the microgrid in order to handle the above
situations. Fig. 7 shows the transition of the diesel generator
control
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from constant active power control to frequency control.
Instead of considering the error between the reference
electrical power and the measured electrical power to
generate the mechanical power reference, the frequency error
is considered in the controls.

Fig. 8 shows the modification in frequency control loop of the
PV inverter which includes the transition to another constant
active power control loop. During the simulation process, the
transition time is heuristically selected as 8 sec so that the
smoothness in the transfer of controls can be observed. The
slight modification required in the battery control for taking
care of the battery SOC is also shown in Fig. 6. It includes
incorporation of a signal for selecting the charge or discharge
mode of the battery.When the SOC %or SOC %, then, both
the charge and dischargemode are given the value of 0 such
that the output is always zero for these two cases. In other
cases, the charge mode would take a value of 1 and the
discharge mode would take a value of O if the battery is
charging, and vice versa if the battery is discharging. With
these modifications in the existing control structure, the IEEE
13-bus system acting as a microgrid can handle the problem
of under frequency and voltage during islanding through the
proper coordination of the participating generators even
without the battery. This can be observed from the results to

be presented later in Section VI-B.
Copyright © 2019Authors



THINK INDIA (Quarterly Journal)

C. MPPT and Battery Integrated P-Q Control Method:

This sub-section presents the proposed coordinated active
and nonactive/reactive (P-Q) power control integrated with
PV MPPT and battery controls. Either in grid connected or
islanded mode, the microresources may be required to supply
critical loads like hospitals, industries, etc. The proposed
control strategy is applicable particularly for such cases.

> P P, Constent
Discrete
PI Controller3

Fig. 9. Integrated Solar PV MPPT and PQ control diagram.

The MPPT control part for generating the duty cycle of a
proper control for the DC-DC boost converter is the same as
described in Section V-A above and hence, will not be
explained here. Thus, Fig. 9 shows the P-Q control blocks
only, leaving behind the MPPT control block which is also
present in the entire integrated control system. The P-Q
control initially proposed in [22] and implemented in a larger
system in [23] is converted to a more robust control with the
integration of MPPT control and battery storage control in the
present work.
The inverter side P-Q control is slightly modified version of
inverter V-f control. It is entirely based on the relationship of
activeand reactive power at PCC with inverter output phase
and voltage magnitude as given by the (7) and (8),
respectively. In Fig. 9 (loop 2), the measured reactive power
injection at PCC is compared with the referenced reactive
load and this error signal is passed to the Pl controller, . Then,
the term obtained is multiplied by the terminal voltage to
obtain the reference voltage which is in phase with . The
control loop 3 in Fig. 9 handles active power control through
the controller, to generate the phase shift contribution and at
the same time insure the active power balance between AC
and DC sides through the controller, . This is already
explained in detail in Section V-A for V-f control. Thus, the
equations for P-Q control are given by (17)—(20)
Vcl*=(KP2(Qref-Qactual)+KI2 [ ,'(Qref-Qactual)dt+1)V,
(17)
o1 *=KP3(Pref-Pactual)+KI3 [ o(Pref-Pactual)dt----(18)
02*=KP4(1.02*PACmeasured-PDC+KI4 ['(1.02*PACmeas
ured-PDC)dt---(19)

a*=(al*+a2*)/2---(20)
Equation (17) represents the reactive power control loop, (18)
represents the active power control loop, and (19) ensures
Page | 6991

ISSN:0971-1260
Vol-22-Issue-4-October-December-2019

theactive power balance between the DC and AC sides of the
inverter. Equation (20) averages the phase shift contribution
obtainedfrom the active power control at the AC and DC
sides

Ky 6x107°

MPPT Control Loop K, 6<10°

K, 0.0004

Voltage Control Loop Ko 0.005
Kos 9.9x<10™

Frequency Control Loop Kis 5x107
Ko 0.8<10°
Ppc Control Loop Kia 0.8%10°
) Kps 1.5x10°
Battery Control Loop Kis 157107

TABLE 11
CONTROLLER GAIN PARAMETERS FOR V-F CONTROL(CASE
1

Such that the active power control at AC side and power
balanceobjectives are taken into account.
The battery control integrated into the P-Q control is the same
as the one described in the Section V-A.

V. SIMULATION RESULTS AND DISCUSSIONS:

This section presents the simulation results obtained with
applications of the proposed control methods to the
IEE-p-bus distribution feeder presented in Section IV-C.
First, the results obtained from the coordinated V-f control
are presented which is followed by the results from the
coordinated P-Q control. In grid connected mode, the
distribution feeder is considered to be supplied by a central
generator with a substation at Bus 650 at 115 kV level and a
PV generator at Bus 632. Hence, in an is-landed case, the
distribution feeder is supplied by a diesel gen-erator and a PV
connected at Buses 650 and 632, respectively.

A. Test of V-F Control in Microgrid Mode:

For the demonstration of the V-f control algorithm, two
different irradiance cases are considered: Case 1 with Irradian
ce=1000 W/m=and Case 2 with Trradiance=r50W/m 2. The Pl
controller gain parameters for Case 1 are given in Table II.
The controller gains should be adjusted slightly for the
change in irradiance.

While moving from the grid connected to microgrid mode,
the diesel generator is controlled to generate a fixed amount
of active power according to the command from the central
con-troller. The diesel generator produces a fixed amount of
1.25 MW throughout the simulation period as shown in Fig.
10(a). It also shows the reactive power generated from the
diesel gener-ator.

In the islanded mode, the active power generated by the
diesel generator is not enough to fulfill the power demand of
the micro-grid. Fig. 10(b) shows the microgrid frequency
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which initially dips to a value of 57.8 Hz due to the
load-generation imbalance. The frequency control from the
PV generator starts at 2.2 sec which quickly regulates the
frequency back to 60 Hz in 2 sec. Fig. 10(c) shows the plot of
the PCC voltage in p.u. It can be observed that voltage is also
quickly regulated at 1 p.u. after the control is started.

Fig. 10(d) shows the active and reactive power injection
from the PV inverter which regulates the frequency and
voltage of the microgrid. The active power injection from the
inverter, which is required to maintain the frequency at 60 Hz
in both cases, is around 80 kW. However, there is a difference
in the share

3
8

tive power (KWKVAR)

 power (WKVAR)

XY Plot A Fiot

200
100

50 100 150 0

Y Axis
o - N 0 & o @

100 150

Temp =25, Irradlance R=200

= =

Fig. 10. Matlab Simulink model of coordinated V-f control
with solar PV including MPPT con-trol and battery control of
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the PV generator and the battery energy storage & Results of
coordinated V-f control with solar PV including MPPT
con-trol and battery control of the PV generator and the
battery energy storage while pro-viding the required 80 kW
to the microgrid.

= =]
B, = [y
o s L
st -
T/

This is evident from Fig. 10(e) which shows the active power
from the PV, the battery, and the inverter, respectively, for
both cases. In Case 1, solar irradiance is abundant at 1000
W/mzand hence, the PV generates the maximum power of
100 kW which is more than is required to maintain the
microgrid frequency. The surplus 20 kW is used to charge the
battery. The negative sign in battery power means that it is a
charging phase, i.e., the battery absorbs power. In Case 2, PV
generates only around 75 kW at MPP due to decreased
irradiance. This is not sufficient to maintain the mi-crogrid
frequency at 60 Hz. Hence, the deficit power of around 5 kW
is supplied by the battery as shown by the 4th (PBatt Case
curve in Fig. 10(e). Here, the positive sign of battery power
means that it injects active power into the microgrid.
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Fig. 11. Results for V-f control of microgrid with diesel
generator &Fig. 12. Results of V-f control showing grid to
microgrid transition.
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Fig. 11. MatlabSimulimk model of V-f control of microgrid
with diesel generator &Results for V-f control of microgrid
with diesel generator,& Fig. 12.Results of V-f control
showing grid to microgrid transition.

Fig. 10(f) shows the state of charge (SOC) of the lead acid
battery considered for this study. The gray curve represents
the SOC for Case 1 which shows that it gradually increases as
the excess power is fed to charge the battery. The decreasing
black curve for Case 2 in Fig. 10(f) shows that the power is
being extracted from the battery.

XY Plot
6 500

A Y FI0t

5 400
300
200

100

Temp.=50,Irradiance,R=300
Fig. 10(g) shows the DC voltage for both cases. It can be seen
that the voltages are stably maintained at around 850 V and
550 V respectively for the two cases. Fig. 10(h) shows the
active power at the DC and AC sides of the inverter for both
cases. It is clear that DC active power is slightly higher than
the AC side three phase average power. This accounts to
some percentage (taken as 2% in the present work) of power
losses between the DC and AC sides but the overall active
power is balanced through controls. This power balance
coupled with the AC side voltage control maintains the DC
side voltage to a stable value which is the uniqueness of the
proposed coordi-nated MPPT and inverter control.

100 150

Fig. 11(a) through (d) show the results obtained when the
diesel generator is involved in the voltage and frequency
reg-ulation of the microgrid and the solar PV is controlled to
dis-patch constant active and reactive power. The V- f control
of the diesel generator also starts at 2.2 sec just as in the case
of the V-f control with PV generator and battery. Fig. 11(a)
shows the fre-quency of the microgrid which shoots up in the
beginning and then, gradually decreases and stays at 60 Hz in
around 8 sec. It is clear from this figure that the diesel
generator takes much longer time to recover the frequency
than the PV and battery combination as discussed above. Fig.
11(b) shows the voltage plot of the microgrid. It is also clear
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that it takes around 10 sec for the voltage to settle down to 1
pu.

Fig. 11(c) shows the power generated from the diesel
gener-ator and Fig. 11(d) shows the active and reactive power
injection from the PV inverter which is operated at

constant PQ mode. It takes about 10 sec for all the injections
to stably reach the de-sired values. It is worth noting that the
injection from the PV inverter is also affected by the
oscillations in diesel generator output for the first few
seconds before reaching the steady state. Hence, it is clearly
verified that solar PV and battery without in- ertia can
perform the V-f control for microgrid much faster than the
diesel generator with inertial effect.

B Test of V-F Control Showing Transition From Grid
Connected to Islanded Microgrid Mode:

A separate case study is carried out to show the dynamic
char-acteristics of the proposed V-f and P-Q control
algorithms while transitioning from the grid connected to
microgrid structure. For this study, Case 1 of Section VI-A is
considered in which the irradiance is at 1000 W/mz. The bus
650 is connected to the substation in the grid connected mode
and in the islanded case,the tie switch is opened at t—7 sec.
The microgrid is then fed only by the diesel generator located
at the same bus 650, and the PV generator and battery at bus
632. Fig. 12(a) shows the fre-quency of the system and
voltage at PCC both in grid connected and islanded cases. It
can be observed that the islanded micro-grid frequency is
quickly revived back to 60 Hz in less than 1.5 sec after the
islanding occurs at 7 sec. A similar response can be observed
in the voltage profile at PCC as shown in Fig. 12(b). This is
due to the faster control characteristics of PV and battery
integrated system involved in V-f control in islanded case.
Fig. 12(c) shows the active and reactive power injection from
the PV inverter. The PV is controlled to a constant active
power of around 50 kW and constant reactive power of
around 20 kVar in a grid connected mode. Both active and
reactive power in-jections from PV increase as the microgrid
transitions to the islanded case in which PV is responsible for
maintaining the microgrid frequency and voltage at PCC.
Fig. 12(d) shows the power injection at Bus 650 of the IEEE
13 -bus system. The in-jection is from the substation in the
grid connected mode. In contrast, in islanded mode, the
injection comes from the diesel generator which is
maintained at a constant value of 1.25 MW. The results
presented here clearly show the effectiveness of the V-f and
P-Q control algorithms even when the microgridtran-sitions
from the grid connected to the islanded mode.

C. Test of V-F Control With Battery SOC Constraint:

In the present work, SOC of the lead acid battery used in the microgrid i

be in the range of 20%-80%.

wo

< 1250
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H
1
H
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Fig. 13. Results of V-f control with MPPT and battery
considering battery SOC upper constraint (80% charged:
Case 1).Fig. 14. Results of V-f control with MPPT and
battery considering battery SOC upper constraint (20%
charged: Case 2).

is verified by considering the case in which there is enough
room to charge or discharge the battery in the microgrid. But,
there could be a situation when the battery SOC is on the
verge of these upper and lower boundaries.

Fig. 13(a) & 13(b) Matlab Simulink model of Modification of
PV inverter frequency control loop.&(a) through (f)) show
the results obtained from this transition of controls at the PV
inverter and the diesel generator.

A Y Plot
15 700

XY Plot
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100
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0 50 100 150 200 250 300 0 50

125 cells series and 4 cells parallel,
Temp.=100, Irradiance,R=400

Fig. 13(a) and (b) show the active power from the diesel
gener-ator and the PV inverter. It can be observed that the PV
generator which performs frequency regulation of microgrid
before t==& sec, quickly transitions to generate at MPP with
the irradiance level of 1000 W/mz , whereas the diesel
generator active power control, which was otherwise
maintained at the active power output at 1250 kW, quickly
transitions to the frequency control mode. Hence, the diesel
generator decreases its active power output to around 1237
kW to cope with the increase in genera-tion of the PV
generator. Figs. 13(c) and (d) show the microgrid frequency
and voltage at PCC which are maintained at 60 Hz and
around 1 p.u., respectively, as a result of the proposed
con-trols. The slow response speed is observed while
achieving the referenced values of voltage and frequency due
to the involve-ment of diesel generator in frequency control.
Figs. 13(e) and (f) show the active power from the PV
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generator and the battery, re-spectively. The PV generates at
the maximum power of around 100 kW and the battery power
is almost zero showing that it does not absorb any power.
This means that it is not charged even though the PV
generation is higher than what is required for frequency
control as the SOC of the battery is at the maximum for this
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Fig. 15. Results of coordinated P-Q €ontrol with solar PV
including MPPTcontrol and battery control.
Similarly, an equally opposite scenario is possible. Assume

the solar irradiance is low such that the maximum power
gen-erated by the PV generator is not enough to provide the
frequency control, i.e., Prontrei>PVaer. In such case, if the
battery SOC is 20%, the battery cannot provide extra active
power required for frequency control. In this case, the PV
gen-erator control should transition from frequency control to
con-stant active power at MPP control, and the frequency
control function should be taken over by the participating
diesel unit which otherwise produces a constant active power
of 1250 kW.In this case, Prvwrr iS approximately 75 kW
which is less than 80 kW required for frequency control. The
deficit active power should be provided by the diesel
generator in order to maintain the system frequency at 60 Hz.
Because of this transition of con-trol from constant active
power to frequency control, the diesel generator’s active
power increases to 1255 kW, therefore, ful-filling the
requirement for frequency control. The PV generator, on the
other hand, is maintained at a constant power of around

kW equal to 096xPrviver. The plots of active power
generation from the diesel generator and the injection from
the PV inverter are shown in Figs. 14(a) and (b), respectively.
Figs. 14(c) and (d) show the microgrid frequency and voltage
at PCC, respectively. It is clear that the PV generator was
initially trying to control the frequency but could reach only a
value below 60 Hz due to low active power injection from the
inverter. However, as the frequency control transfers from
the PV gener-ator to the diesel generator at 8 sec, it quickly
returns to 60 Hz in around 2 sec. A similar nature of results
can be observed for the voltage at PCC which is stably
maintained at 1.005 p.u. afterthe transition of controls. Figs.
14(e) and (f) show active poweroutput of the PV generator
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and the battery. The PV generatesthe MPP power of 75 kW
and the battery power is close to zeroshowing that the battery
is not able to inject any power in thiscase as SOC is at its
minimum limit.

TABLE 1|
CONTROLLER GAIN PARAMETERS FOR P-Q
CONTROL (CASE 3)

Kpi 6x10"
MPPT Control Loop w3
Kii 6x10
K 5x10°
Voltage Control Loop 2 —
Ki» 5x10
P Kps 2.5x10”
ntr
SRSTREEESRP K 2.5%10°
Kps 2.5x10”
Ppc Control Loo L
pe P K 2.5x10°
Kps 0.02x10"
Battery Control Loop =
Kis 0.02x10

the transition of controls. Figs. 14(e) and (f) show active
power output of the PV generator and the battery. The PV
generates the MPP power of 75 kW and the battery power is
close to zero showing that the battery is not able to inject any
power in this case as SOC is at its minimum limit.

D. Test of P-Q Control:

The results of P-Q control with integrated MPPT and battery
control is presented in Fig. 15 (a)—(f). Like V-f control, two
dif-ferent cases, namely Case 3 and Case 4, are considered
for sim-ulation validation of this control as well. Cases 3 and
4 are sim-ilar to Cases 1 and 2 with slight differences which
are elaborated in the following paragraph. The controller gain
parameters for Case 3 are given in Table I1l. The parameters
need to be read-justed slightly for Case 4.

Here, in Case 3, the critical active power load of a microgrid
ispart is the load changes which are very common in real
opera-tion. Moreover, since coordinated P-Q control method
is to be validated, the load change is the most representative
scenario to study the effectiveness of the proposed control.
Hence, the solar irradiance is considered constant at 1000
W/m: for both cases.Fig. 15(a) shows the active and reactive
power from the diesel generator. The diesel genset produces a
constant active power of 1250 kW throughout the simulation
period for both cases with a slight change in reactive power
between the two cases. Fig. 15(b) shows the reference and
actual active and reactive power of the PV inverter. The
reference values of active power represent the critical loads
of the microgrid as previously men-tioned. The references of
the active power for Cases 3 and 4 are 50 kW and 120 kW,
respectively. Similarly, the references of the reactive power
for Cases 3 and 4 are 20 kVAR and 70 kVAR, respectively.
The references are chosen to demonstrate both charging and
discharging processes of the backup battery energy storage
system. It can be observed from Fig. 15(b) that the proposed
coordinated controls are capable of serving the critical loads
in as little as 2 seconds.
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Fig. 15(c) shows the plot of active power from the PV
gener-ator, the inverter injection, and the active power to and
from the battery. In both cases, the power from PV is
maintained constant at the MPP power of 100 kW through
MPPT controls as shown by the overlapping black and gray
solid curves. The active power injection from the inverter is
maintained at the reference valuesof 50 kW and 120 kW in
Cases 3 and 4, respectively. These ref-erence values are
demanded by the critical loads. The generation from PV in
Case 3 is more than the critical load by 50 kW. Thus, this
surplus power is sent to charge the lead acid battery which is
shown by the 5th (Pbatt Case3) curve in Fig. 15(c). The
negative sign of power from the battery shows that it is being
charged.For Case 4, the critical load is greater than the PV
generation at MPP and the deficit power of 20 kW is supplied
by the battery as shown by the 6th (Pbatt Case4) curve in Fig.
15(c). As explained earlier, the positive sign of power from
the battery shows that it is being discharged. Therefore, for
Case 3, the power injec-tion from the inverter comes only
from the solar PV generator. However, in Case 4, the
injection comes from PV and battery.Fig. 15(d) shows the
SOC of the battery. It is clear that the SOC increases in Case
3 and decreases in Case 4 as expected because of the
respective charging and discharging scenarios. It also
validates the effectiveness of the battery control algorithm
adopted in controlling the bidirectional power flow to and
from the battery.

Fig. 15(e) shows the DC side voltage at the inverter input. It
is stably maintained at around 1012 V and 740 V for Cases 3
and 4, respectively. It validates the indirect control of the DC
side voltage through the power balance between AC and DC
sides of the inverter. Similarly, Fig. 15(f) shows the active
power measured at the DC and AC sides of the inverter.
Clearly, the DC side active power is slightly greater than the
AC side power which means that the control algorithm also
takes care of the ef-ficiency of the inverter in the model.
Hence, the effectiveness of the proposed coordinated P-Q
control algorithm in microgrids is clearly demonstrated from
the presented results.

VI. CONCLUSION:

The contribution of this paper can be summarized as follows:
This paper proposes and presents coordinated strategies of
V-f control and P-Q control, respectively, for microgrids with
PV generator and battery storage. In the control strategies, the
PV generator is operated at MPP, and the battery storage acts
as a buffer in order to inject and absorb deficit or surplus
power by using the charge/discharge cycle of the battery. The
paper contributes in demonstrating the control strategies with
effective coordination between inverter VV-f (or P-Q) control,
MPPT control, and energy storage control. The proposed
control strategy also provides a smooth transition of PV side
PQ control in grid connected mode to V-f control in islanded
mode. This is the most essential feature required in the
modern microgrid controllers.

The proposed control algorithms are also capable of
handling the battery SOC constraint. An effective seamless
transformation of controls from V-f to constant active power
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and voltage control at the PV side and from con-stant active
power control to frequency control at the diesel generator is
validated with satisfactory results. This feature helps the
controller to adapt to the changing irradiance levels while
considering the battery availability.

The proposed V-f control method shows a very
satisfactory performance in reviving highly reduced voltage
and frequency back to the nominal values in a matter of only
2 seconds. It is much faster than the diesel generator control
which takes around 10 seconds to settle down. Hence, PV and
battery installations might be applied effectively in restoring
the microgrid frequency and the voltage at PCC after
disturbances. Similarly, the proposed integrated and
coordinated P-Q control algorithm can be effectively used in
supplying some critical loads of a microgrid with solar PV
and battery.

In the present methods, the control parameters are
dependent upon the PV, battery, and external grid conditions
and must be re-tuned with the changing conditions. This can
be overcome by using an adaptive method to obtain these
parameters dynamically based on the system conditions. The
adaptive control methods could be a very useful and
promising future direction of this work.
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