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Abstract—With the energy demand of the world increasing
day-by-day, aging the present power system infrastructure and
the increasing integration of renewable energy resources in
quenching the load demand, the development of microgrids
(MGs) is imminent. The performance analysis of AC MG and
DC MG is made based on the concentration of the type of
distributed energy resources (DER) in a development,
availability of energy storage systems (ESS), use of converters
and the economic/physical feasibility of connection and
synchronization with the utility grid. The importance and
demand of renewable resources has been rising in wake of the
rising fuel costs and limited availability of conventional fuel
sources demand the increased penetration of solar PV and
wind energy into the grid. This can be implemented with the
help of parallel inverter-based MG technology, which can not
only help integrate the renewable energy into the main grid,
reducing the load on fossil fuels, but also increase the reliability
of electric power supply as MGs can operate in stand-alone
mode as well, independent of the grid. This requires robust,
fast and precise control system algorithms which can control
the AC bus voltage and frequency even with variable loads
associated with the MGs. Two different control algorithms,
conventional droop control and Model Predictive Control
(MPC) based droop control can be implemented for
independent control of the MG. In MPC based operation, the
voltage and frequencies are predicted and comparing it
through a cost function with the reference value generated, the
appropriate switching pattern of VSI is generated to produce
the output voltage. In this paper, these two control methods
have been implemented and their performance with active and
reactive power sharing are compared.

Keywords— Droop Control, Model Predictive Control,
Parallel Inverters, Microgrid.

I. INTRODUCTION

Microgrids are an emerging concept in the 21st century,
aiming to improve the quality of power delivered to the local
loads and reliability of power supply in the development.
Other than renewable energy sources such as sun, wind,
water, and other forms of biomass, there are few sustainable
energy sources. The most efficient strategy to expand
renewable energy utilization is to In villages, townships, and
district, is to use renewable energy resources and systems
where exist areas that are shaped like an island and have a
large concentration of energy users. The fundamental
dilemma is how customers should be provided with reliable
electricity supply from these renewable sources. As a result,
the microgrid (MG), concept of a tiny power system, has
gained popularity [1-3].

MG is a localized group consisting of distributed energy
resources (DER) and also Energy Storage Systems (ESS)
which either operate in tandem with the utility grid (grid-
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connected mode), or function as an autonomous system
(island mode) according to the physical/economic condition
of the area. Mainly consists of renewable energy sources
(RES) along with battery energy storage systems, which
enables them to operate a development without adding
additional burden on the grid. It has been developed to be
manageable, autonomous, and balanced [4-6]. MGs allow
for the penetration of renewable energy sources, resulting in
a greener and cleaner energy system. Furthermore, because
the MGs and DERs are close to the load, losses due to
power transmission are minimized. A MG, which typically
includes small renewable power sources, is made up of
interconnected dispersed energy sources capable of
supplying enough and consistent energy to meet a major
amount of the load.

PQ control is employed in case where the MG is
connected in grid-connected mode [7-10]. The voltage and
frequency are controlled by the external utility grid and the
P/Q control method ensures that the DG source provides a
constant active and reactive power to the system.
Synchronization between the MG and the utility grid gains
paramount importance in case of grid-connected mode of
operation. In islanded mode of operations, the V/f control
and droop control methods are implemented. In case of
standalone system with a single source, the V/f control
ensures that the grid voltage and frequency are maintained,
irrespective of the active power and reactive power outputs
of the source. The frequency controller controls the active
power output to ensure the grid operating frequency to be
under acceptable range of reference value and the voltage
controller controls the reactive power output to ensure the
operating voltage to be under the acceptable range of
reference voltage [11-17]. The block diagram of parallel
inverters-based AC MG is shown in Fig. 1.
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Fig. 1. Block diagram of parallel inverters-based AC MG



This work is divided into four distinct portions. The first
portion is the introduction, followed by the controller
implementations in the second section. In part three,
simulation results and discussions are presented. Section
four contains final observations on the aforesaid control
approaches.

II. CONTROLLERS

A. Droop Controller

Method of droop control is one of the most vastly used
decentralized power sharing systems across various power
electronic inverters. The voltage and frequency output of the
droop-controlled inverters are reduced in linear proportion
to the reactive and active power drawn by it, simulating the
behavior of a synchronous machine. To employ
characteristics similar to the droop control as observed in
alternators supplying the loads in a conventional power
plant, the VSIs employed in the MG can also be modelled to
exhibit similar characteristics and can be useful in case of
optimal power sharing between the inverters or the different
sources of DC. Frequency and voltage characteristics of a
conventional droop control are shown in Fig. 2.

Frax O
Fig. 2. Frequency and voltage characteristics of a conventional droop

control

In the diagram above, the f-P and V-Q characteristics of
a conventional droop control can be defined by the
following mathematical expressions:

f=F1,—kp(P-F) 1)
V=V,-k,(0-0,) ()
where, f, V, - rated Frequency and Voltage; P, O, - Real

and Reactive power set points; k., k, - Droop coefficients

f, V - Frequency and Voltage at a new point of operation;
P , QO -real and reactive power at a new point of operation.
The block diagram of droop-controlled VSI is shown in Fig.
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Fig. 3. Block diagram of droop-controlled VSI

B. Model Predictive Controller

Given below are two types of control methods that can
be implemented using the MPC strategy: The Predicted
Power Control (PPC) and the Predicted Current Control
(PCC). The working both the algorithms is similar. They
produce the predicted and reference value of power and
current respectively, compare it in a cost function program
and choose the suitable switching state for the inverter.

The PCC form of MPC works in a way where the active
and reactive powers are calculated from the measured load
voltage and current, compared with the reference Active and
reactive power. The error is passed through a PI controller to
produce the reference values of current. The predictive
control block gives out the possible predicted values of
currents, which when passed through the cost function block
will give out the state with the minimum value, which is
used to select the switching states of the VSI. PPC is quite a
straightforward system. The predicted values calculated
using the measured load current and voltage and passed
through an MPC block. Then its compared with the
reference value through the cost function block to find the
state with minimum value, and hence the switching state
associated with that predicted value is employed. The
problem with using droop to adjust frequency is that the
output has a steady state inaccuracy.

To develop the model of the Model Predictive Control
mechanism, the predicted values of voltage current and
power are determined require the discrete-time model of
VSI and filter circuit.

Fig. 4 shows a two-level three-legged Voltage Source
Inverter (VSI) connected to the AC Bus via PCC (Point of
Common Contact) via filter inductance L, resistance R, and
capacitance C are provided below are the KVL equations for
each phase:

dila )
via -L ? - Rlla =Voa (3)
dilb )
vib —L?—Rl”’ =V0b (4)
dilC )
vic -L ; - Rllc =Voc (5)
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Fig. 4. 2-level voltage source converter

The equations can be combined and written in the space-
vector form is shown below
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The VSI output voltage v, is obtained by the switching

of the IGBT modules in a certain sequence and the final
output voltage obtained from the converter is given by the
expression:

_2 2
v[—gVDC(Sa+aSb+a SC) @)
where S, , S, and S are switching signals and are
determined as follows:

g _J1if ston
a0if Sl-off

S = 1if S2-on @
b0 if S2-off )

S = 1 if S3-on
< 10if S3-off
Subsequently, the switches S4, S6 and S2 will be in
states opposite to S1, S2 and S3 respectively. The
combinations of these switching states are able to produce
eight voltage vectors out of VSI which can be determined
from the Table I

Table I Switching states and the associated voltage vectors

State | Sa | Sb | S Voltage Vector
1 0 0 0 vy =0
2 1 0 0 2
N =§Vdc
3 1 1 0 1 \/g
v, ==V, +j—V,
2 3 de T J 3 dc
4 0 1 0 \/5
vy ===V, +jTVdc
5 0 1 1 2
Vg = _EVdc
6 0 0 1 1 \/g
Vs = _Vdc jTVdc
7 0 1 1 1 ﬁ
Ve =—=V, —V.
6 3 de —J 3 de
8 1 1 1 v; =0

Accordingly, combining the equation to obtain a general
equation of the VSI for three-phases can be written as:

di

Vi_LT{_Rif:VO )

The discrete model of the converter can be determined
form the above equation and the predicted value of current
can also be determined by using the forward Euler
estimation method which states that:

@ - x(k+1)—x(k)

10
- T (10)

where T, denotes sampling time.

By the substitution of equation x in equation y and
solving it, we get the following discrete-time predicted
current value equation:

b (k+1) =(1%j*i(k>+%<v[ () —v, (k) (11)

The values of voltage and current are measured at the
output of the filter circuit at the time instant ‘k’. Using those
values, the values of the variables are predicted for the next
sample of time instant ‘k+1’. Since for very high sampling
frequency, the sampling period is small, the values of the
capacitor voltage or the AC bus voltage at ‘6’" and ‘k+1°™
instant can be assumed to be almost same. This assumption
can be used to calculate the instantaneous predicted values
of real and reactive power as per the equations shown
below:

P”(k+l):%Re{i P (k+1) v, (0 (12)

abc

O (k+1) = %Im{iabc*p(k+ 1)#v,(k)} (13)

The preceding equations show how the values of filter
circuit and the system modelling all affect the expected
current and power. Any changes to the model parameters
will result in erroneous predicted variables. Changes in
parameters affected the current or power ripple, but the
dynamic response remained essentially same. In the event
that the model parameters change dramatically, the MPC
technique should contain an online parameter estimate
procedure. In the following section, we will be working on a
droop-controlled system currently working on the traditional
d-q control, and replace the existing inner current and
voltage loops with extrapolation block and MPC block to
ensure the voltage control of the bus.

The droop control module takes in the output current 7,
and the voltage across the filter capacitor V., and then
performs the power calculation and droop control to produce
the reference frequency and voltage values. But the
difference is that Instead of performing the traditional dq
control to produce the current and voltages references, we
are now using prediction models and comparative analysis
using cost function optimisation schemes to produce the
necessary gate pulse sequence to the VSI to produce the
output. Block diagram for MPC using PI controller in the
outer control loops and Predictive Current Control (PCC) in
the inner control loops is shown in Fig. 5.

The MPC technique avoids cascaded current and voltage
control loops. As a result, the dynamic reaction is extremely
fast while the steady-state operation is essentially non-
existent. MPC can be regarded to have three basic layers:
extrapolation, prediction model, and cost function
minimization.
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Fig. 5. Block diagram for MPC using PI controller in the outer control
loops and Predictive Current Control (PCC) in the inner control loops

Reference voltage generation:

The v*(k) must be projected to the next sampling time
in order to use it as a reference value for the MPC to
function wupon. The approach of wusing Lagrange
extrapolation to the fourth order is used to obtain the
reference value as such:

v.(k+D)=4v (k)—-6v.(k-D=4v (k-2)-v.(k-3) (14)

This produces the reference voltage for the next instance
of the capacitor voltage, and is compared with the predicted
voltage obtained from the predictive block. Before that, we
need to convert the operations in continuous time domain
into discrete time domain.

Modelling the system into a discrete time model:

The system’s discrete-time model must be computed
next in order to calculate the system's expected output
(capacitor) voltage. The following are the values of several
parameters determined in the continuous time domain:

L2, . .

i :g(zﬁ,+azﬂ,+a21ﬁ,) (15)
2 2

V(? = g(vua +avo/7 +a Vuc) (16)

.2, . 2

lu :g(lua +alub +a loc) (17)

where, ir the current input to the filter network, v, is voltage

across the capacitor or output voltage and i, is filter current
output. The continuous-time equations for the LC filter
voltage and current can be written as:

L diy (18)
—— =V, =V,
Tdr e

dv
C—=i,—i 19
Tar 7 (19)

where L¢ is the value of filter inductance and Cy is the value
of filter capacitance. The equations mentioned above when
represented in state-space can be expressed as:

dx

—=Ax+Bv. +B,i 20
dt i d%o ( )

where x = [ 4

The whole system needs to be implemented is discrete
time for faster calculations and getting discrete values.
Hence the whole system state-space is converted from
continuous-time to discrete-time model. The differential
equations can be computed using the forward-difference
Euler equation's general structure. The state space equations
given above can be used to create the system discrete time
model, which is written as:

x(k+1)= 4, x(k)+ B,v,(k)+ B, i, (k) 1)
Ts Ts

where, 4, =", B, = [e"Bdr, B, = [e¢"B,dz
0 0

The prediction model forecasts the system's future
behaviour using these discrete-time equations. Using the
actual values of v (k) , i (k) and i (k) in the prediction

model, the output voltage at the next sampling time
v (k+1) is determined. The predicted output voltage can

have seven possible values, corresponding to the seven
possible switching states of an inverter. Sequentially, all the
possible states are fed into the VSI and accordingly, seven
possible values of the predicted capacitor voltage v, *(k +1)
are obtained. Each of the value is compared with the
extrapolated reference value v, *(k+1) using the cost

function. The predicted vector which results in the least
value of the cost function will be the inverter voltage v,, and

the switching states corresponding to this value will be
implemented on the VSI. The cost function we are talking
about can be described as:

8=V =V +(V s —vy) (22)
where, v, and v, are the real part and imaginary parts of

the reference voltage vectorv, (k+1), and v, and V", 5 are

the real and imaginary parts of the predicted output voltage
vector obtained from the prediction model. The voltage
vector which results in the minimum value of the cost
function g is selected and the switching sequence of VSI is
selected accordingly.

III. SIMULATION RESULTS AND DISCUSSIONS

A. Droop Controller Results

By using the above parameters to design the droop,
current and voltage controller blocks, the MATLAB
Simulink model of the droop-control parallel inverter-based
AC MG operating in islanded mode of operation. The
simulation parameters are shown in Table II. The output
waveforms of voltage and current of inverter 1 and inverter
2 in droop control are shown in Figs. 6 and 7 respectively.
The frequency, average load active power, and average load
reactive power are shown in Figs. 8, 9, and 10, respectively.
The active and reactive powers are shown in Figs. 11 and
12.



Table 11 Simulation parameters

Parameter

Value

Load

(2000+j1300) VA + (1000+750)
VA (Fort=0.3to 0.6 sec)

Filter Parameters

L=10x10"H and

Operation

C=50x10"°F
Droop Parameters Inverter 1: ky= 0.5/2000, k,=
10/1000
Inverter 2: ky= 0.5/2000, &, =
10/1000
Time of simulation 0.8 sec
Bus voltage 415 V(RMS)
DC Voltage 850V
Frequency of 50 Hz

Line-Line Vttage (V)

) o1 02 o

3 04 05 08 07 08
tme (s)

Fig. 6. The output waveforms of voltage of inverter 1 and inverter 2
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Fig. 7. The output current waveforms of inverter 1 and inverter 2

Frequency (H2)
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tme (s)

Fig. 8. Frequency of the AC bus
The output waveforms of voltage and current of inverter 1
and inverter 2 in MPC are shown in Figs. 13 and 14
respectively. The average load active power and average
load reactive power are shown in Figs. 15 and 16,

respectively. The bus

frequency is shown in Fig. 17.

Compared to the droop control, the model predictive based
controller offered fast dynamic response.

a0

00

Load Aclive Power (W)

L I I L L I
o 01 0z 05 04 05 06 07 08
time (5)

Fig. 9. Average load active power
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Fig. 10. Average load reactive power
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Fig. 11. Sharing of active power among the two parallel Inverters
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Fig. 12. Sharing of reactive power among the two parallel Inverters

B. MPC Results
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Fig. 13. Output line voltage
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Fig. 14. Output line current
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Fig. 15. Active power drawn by load
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Fig. 16. Reactive power drawn by load
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Fig. 17. Bus frequency

IV. CONCLUSION

The Simulink models for droop-controlled parallel
inverters and Model Predictive Control of a standalone VSI
of an islanded AC MG. Some aspects of design of controller
and philosophy behind the working of the control methods
were explained. Equal load sharing in case of droop-
controlled parallel inverters were simulated and investigated
and the respective graphs were plotted for understanding. It
was observed that reactive power sharing was bad in droop
control. The active and reactive power performance of VSI
was investigated using the Simulink model of MPC based
standalone inverter. MPC based controller offered fast
dynamic response.
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