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Optimal Operation of Electronically-Coupled MicroGrids
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- Abstract

MicroGrids are power generation and distribution :ystems in which users and generators are in
close proximity. They usually have limited power gener.ition capacity, and are networked together to
meet a small area’s load demand. MicroGrid, (MG) car: operate interconnected to the main power
network or be operated autonomously, if they are isolated from the power grid (islanded mode). The
interconnection of large amounts of nontraditional generation causes problems in a network designed
for conventional operation. The use of power electrouics interfaces offers a potential solution.

This paper presents a generalized formulation 1o determir e the optimal operating strategy and cost
optimization scheme for an electronically—coupled MicroGrid. The major objective is to minimize the
overall operating cost considering both the power systzm and power electronics constraints in the two
modes of the MG operation. The paper also presents steady-state, fundamental-frequency models of
power electronic converters systems for coupling distributed generation (DG) units to the utility power
grid based on Newton—Raphson and the developed models. A feature of the proposed approach is that
it solves for the internal variables of each DG unit. A Matlab program is developed to represent
the proposed algorithm. The program is tested in various network conditions and verified by
applying it to a MG with three DG units from which two units are electronically-coupled to the grid
in the two modes of operations.
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1. Introduction

MicroGrids are defined as low-voltage
networks with micro-generation sources
(PV, micro turbines, fuel-cells, micro-wind
generators); together with local storage
devices and controllable loads (e.g. water
heaters and air conditioning). The unique
feature of MicroGrids is that, although they
operate mostly connected to the distribution
network, they can be automatically
transferred to islanded mode in case of faults
in the upstream network and can be
resynchronize after restoration of the
upstream network voltage [1].

From the customer point of view, MGs
provide both thermal and electrical needs
and in addition enhance local reliability,
reduce emissions, improve power quality by
supporting voltage and reduce voltage dips
and potentially reduce costs of energy
supply. From the utility point of view,
application of distributed energy sources can
potentially reduce the demand for
distribution and transmission facilities [2}.
Clearly, distributed generation located close
to loads will reduce flows in transmission
and distribution circuits with two important
effects: loss reduction and ability to
potentially substitute for network asset.
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Figure 1 shows a schematic diagram of
MicroGrid architecture.

Due to the speed response and flexibility of
renewable sources, power-¢elecironic
converter systems of electronically-coupled
DG units are the prime candidates to perform
the required control and/or protection
functions to meet the MG objectives [3]. The
main types of converters used for DG units
are [4]:

o« AC/DC/AC PWM converter which
illustrates the use of umiversal bridge,
multi meter, and powerful blocks, as
well as discrete control blocks of the
extras library. A conventional AC-DC~
AC conversion is controlled by back-to-
back connection of current or voltage
DC link PWM converter systems.

o AC/AC converters which are used to
change either the voltage level or the
frequency (international power adapters,
light dimmer). In power distribution
networks AC/AC converters may be
used to exchange power between utility
frequency 50 Hz and 60 Hz power grids.
AC'AC converters can be categorized
into [5]:

Converters with a DC-link.
Cycloconverter.

Hybrid Matrix Converters.
Matrix Converters.

C o 00

......................................................

Inverter

g
§

0
i)

Py

L=
=L

DeC

Conventional (Passive) Loads

Demand-Side
Managoment ;

Relays :

Fig. 1. MicroGrid Architecture



Mansoura Engineering Journal, (MEJ), Vol. 36, No. 2, June 201:.

In order to achieve higher power density
and reliability, it makes sense to consider
matrix converters that can directly convert an
AC power supply of variable voltage and
frequency into an ac voltage of fixed
amplitude and frequency. Matrix converter is
a single stage converter. All the reasons lead
to the development of matrix converter.
Several publications on matrix converters
have dealt with the modulation strategies to
improve the performance of the matrix
converter .The constraints of these
converters are the modulation index (MI).
Variation of modulation index can change
the total harmonic distortion. Large values of
MI in sinusoidal PWM techniques lead to
full over modulation [6].

Active/reactive power dispatch problems
have been the research subject of power
system community since the early 1960’s.
The problem is usually formulated as an
optimal power flow (OPF) problem. The
OPF problem [7] is an important class of
problems in the power industry. A Newton-
based OPF is developed for implementation
into a power system simulation environment.
The OPF performs all system control while
maintaining system security. System
controls include generator megawatt outputs,
transformer taps, and transformer phase
shifts, while maintenance of system security
ensures that no power system component’s
limits are not violated.

This paper presents a generalized
formulation to determine the optimal
operating strategy and cost optimization
scheme for an electronically- coupled
MicroGrid. The major objective is to
minimize the overall operating cost
considering both the power system and
power electronics constraints in the two
modes of the MG operation. The main
contribution of this study is to make sure that
the converter constraints are satisfied for
both types used (AC/DC/AC converter and
AC/AC matrix converter).

2. Problem Formulation

The problem is to determine generator
power set points so that the overall cost of

.4

power peneraton is minimized, while
respecting limits on the generator’s capacity,
iransmission power flow constraints, and the
power electronic constraints.

To optimize the operation of
electronically coupled MG, fuel cost is
chosen to be minimized as generally used in
economic dispatch problem. But in MG as a
special case, two different sets of constraints
have to be considered namely; power flow
constraints and power electronic constraints.

In this study, two types of converters are
used; three phase matrix converter and
AC/DC/AC converter.

The general mathematical formulation
of MG optimal power flow is as follow [7]:

Min{F(B) = £:2 (0P + biPy + ¢;)} ()

i=1
Where ng is the number of generation
including the slack bus and Py is the
g-netated active power at bus i. The cost
parameters for i generator are: a;, b; and ¢;

Power flow constraints include bus voltage
limit, active and reactive generation limit,
and the.mal limit (line flow limit):

i. Bus voltage tolerance limit:

Jiin S Vi< Vimax - @

ii. Active and reactive power generation
litnits:

Fonin S P < Pigax 3

Q1 min < i < O max 4)
iii. Line "low limits

Sy €Sy max (5)

Power electronics constraints include
constraints for the converter modulation
index for both types used in this work as
follow:

iv. The AC/DC/AC converter constraints
are as follows [8]:

e Converter magnitude modulation

index Apiz <1 (6
¢ Converter Angle modulation index
0= apy = —90° )]
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v. The matrix converter constraints [6]:

e Converter magnitude modulation
index A3 < 0.866 (8)

» Converter angle modulation index
0 =a,; =0 ®

The steady state real and reactive power
components at the bus and the generator
terminals are proportional to the component
of currents [9].

P =Vl (10)
Q = Vmlg (1)
F = Vinglag (12)
Qg = Vmgleg (13)
By =P+Re(1F+13) + Ry(I3; + I

(14)

2.1, The Settings of the AC/DC/AC
Converter System are as follows:

The amplitude and angle modulation
indices of inverter can be expressed as [9]:

2
A iz =i VA +Ax; (15)

Where:
2
Ay = (nggldg + RH’QQ)

Axz = (Vg — Lgwylgg + Rgldq)z

Lylag+Ryl
iz = 0, + tan™! ( (Lylag+Rgigq) )

(~Ving—LgWglag+Rglag)
(16)
The amplitude and angle modulation
indices of rectifier are expressed as:

2
Amoz = Ve VAy1 T 4y (7
where:
Ayl = (ifWId + Rflq)z

Ayz = (V + lewiq — Rely)?

_ -1 (ifwld+R !q)

2.2. The Setting of the Matrix Converter

For this converter type the amplitude
and angle modulation indices are expressed
as [9]:
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Ams = 0827 (2) = 0.827 (_%‘:TJJ__;*__:_—"_:
qi

(19)

V., Vo
X,y = tan™?! (—ﬂ) +8, tan™?! (—q-) +0
™3 Vai € Vai
(20

The factor 0.827 in (19) indicates the
maximum value of Ay, for one per unit of
voltage at the converter input—output
terminal [9].

Generally, the optimal operating point
from the optimal power flow satisfies the
power flow constraints. However, the power
electronic constraints have to be checked
separately. If this optimal point violates the
power electronic constraints, this point has to
be changed to satisfy those constraints. The
new operating point will scarify more fuel
cost, but this should happen making sure
both power and power electronic constraints
we sat'sfied.

3. Poposed Algorithm

The proposed approach represents the
power electronic interface and the prime
source of the DG units based on a dyo frame
in MG power flow analysis program [9].
Thus, it ensures that the power flow solution
meets the requirements and constraints of not
only the AC network of the MG but also
thrse of the converters and prime sources of
the DG units. The proposed algorithm
includes three main steps. Step 1, based on
the Newton-Raphson OPF algorithm that
solves for the AC network of MG, Step 2
utilizes the calculated electrical parameters at
the Point of Common Coupling (PCC) of
each DG unit to solve for the intemal
variables of DG units while satisfying the
power electronics constraints of both types
of converters. While, step 3 checks the
power electronic constraints and forces the
system to satisfy them even by scarifying
some of the fuel cost.
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Figure 2: Flowchart of the Proposed Optimal Operation of the Electronically Coupled MG

The proposed algorithm started by defining components at load (PQ) buses and the
the slack bus and entering the input data: active power components and voltages

1. Power system data: voltage and angle at

slack bus, the active and reactive power Al
po flow limits, and network frequency.

at generator (PV) buses, line data,
voltage limits, generation limits, line
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2. DG unit's data: Generator internal
voltage, voltage angle, generators

reactive power components, generator
resistance and reactance.

3. Converters parameters and converter DC
link voltage.

After entering the data, OPF of the MG
is performed to obtain the optimal operating
parameters of the MG. These parameters
include: real and reactive power components
at the slack bus, reactive power component,
voltage angle at the generator (PV) bus and
the voltage amplitude and voltage angle at
the load (PQ) bus. Then, the operating
parameter of the DG units and the setting of
converters are calculated. If all the calculated
variables are within limited values the OPF
analysis is complete and the obtained values
are the final ones. On other hands, if any
variable of anyone of the electronically-
coupled DG unit violates its limit, the
program will change the real power value,
and then step 3 and Step 2 are repeated until
the limit condition is satisfied. Fig (2) shows
the flow chart of the proposed algorithm.

4. Numerical Application

4.1. System Description

A Matlab program is developed to
represent the proposed algorithm. The
program is tested in various network
conditions and verified by study cases. The
cases are based on the LV case network
shown in Fig. 3 as the main testing network.
This MG model was developed in [9]. The
tested MG composed of three PV tuses and
two load buses (PQ buses). One of the three
DGs is considered as a conventional
synchronous generator unit (Slack bus), that
represents cither a gas-fired or a diesel-
generator unit. DG2 is interfaced to bus2
through an AC/DC/AC converter system
which is composed of two back-to-back
connected VSCs. DG3 (bus3) utilizes a
direct AC/AC matrix converter as the
interface medium. DG2 and DG3 are
assumed as electronically-coupled mini-and
micro-turbine generator units.

A.A, Rabie

The bus and line data of .he system are
indicated in the Tables 1 and 2. In case that
MG operates at autonomous mode bus 6 is
inactive, whereas in the other mode (grid
connected mode) it is considered as the slack
bus. The maximum and minimum limits on
active, reactive power and voltage limits and
the cost parameters of the source are listed in
Table 3 and 4 [10].

Fig. .’: Studied MicroGrid System with Three
DG Units

Tahlel: Bus Data of the MicroGrid

T r
Bus| Dw. P Q¢ P Q Vv
No.! Type | MW | MVar | MW | MVar | pu
[ Slack
ac
1 bus* 50 0 0 0 1
2 | PV 100 0 0 0 1
3| pv Jw00] o 50 w0 [ 1)
0 150 -55 1
0 125 -85 1
0 0 0 1

*for autonomous mode
** for grid connected mode
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Table 2: Line Data of the MicroGrid

L““e R 1 X 0.5(B) | Suu
pu pu pu MVA

1-2 [ 0.00050 | 0.0036 | 0.0207 | 250

14 | 0.00470 [0.02375 | 0.0724 | 250
2-3 | 0.00245 [ 0.0100 | 0.1026 | 150
2-6 | 0.00067 | 0.0050 | 0.0288 | 300
24 | 0.00135 | 00103 | 0.0576 | 300
35 | 0.00140 | 0.0103 | 0.0594 [ 150
4-5 | 0.00035-| 0.0025 | 0.0144 | 250
4-6 | 0.00175 | 0.0050 | 0.0288 | 350

Table 3: Active, Reactive, and Voltage

Limits of the MG Sources
Bus
no. P min P max thl lex vmin vlllll
1 10 | 250 | -300 | 300 0.9 1.00
2 [ 10 ]300 -300 | 300 | 0.9 | 1.00
3 10 | 270 | -300 | 300 0.9 1.00
6 10 | 250 | -300 | 300 0.9 1.00

Table 4: Cost Parameters of tlhe MG Sources

Bus no. a 2 b ¢
$/ MW " hr | $/MW.hr $/hr
| 0.1 5 150
2 0.085 1.2 600
3 0.1225 ! 335
6 0.28 10 150

4.2. Optimal Operation Problem

The objective of the optimal power flow is to
minimize the generation cost and keep the
pewer outputs of generators, bus voltages,
shunt capacitors/reactors and transformers
tap-setting in their secure limits. The
objective function for the entire power
system can then be written as the sum of the
quadratic cost model at each generator. The
main contribution of this study is t. make
sure that the converter constraints are
satisfied for both types used (AC/DC/AC
converter and AC/AC matrix converter). So,
the developed program, in a second step,
solves for the internal parameters of the DR
units with the coupling converter. The whole
program represents optimal operation of the
MG in both modes of operation (autonomous
and non-autonomous) considering the power
electronic constraints.

L. 28

4.2.1. Optimal Operation of M G in
Autonomous (Isolated) Mode

Running the proposed algorithm, for the
MG system shown in Fig 3 with the data
listed in Tables 3 and 4 in the autonomous
mode. The output of the OPF module is
shown in Table 6 and Table 7.Table 6 gives
bus result and Table 7 gives the flow in lines.

Table 6: Bus Result for MG System in

Autonomous Mode after OPF
Bus| V e P¢ QG P | Q
no | pu deg | MW | MVar | MW | MVar
0996| 0.0 | 89.82 [-2542| 0 9
0.995 | -0.061 | 138.66 | -84.80 | 0 0

(7 RPN AT R

0.994 | -0.405 | 97.22 | -78.04 | 50 | 10
100 [-0882] 0 0 | 150 | -55
1.00 [-0949| 0 0 | 125 -85
Total 325.71 |-188.25| 325 | -130

B Objective value= 5477.37 $/hr

As shown from Table 6, all buses voltage are
within the specified limit (+ 5%) of the rated
value. It also shows that the active power
fi>in ditferent generators are optimized with
objective function of 5477.37 $/hr. And all
lines flow apparent power are within limits
as shovn in Table7.

Table 7; Results of flow in lines for MG System
in Autonomous Mode after OPF

Line gt ?S From | Line Flow, Fl‘::,

# M Bus # MVA MVA
1 1 2 31.998 259
2 1 4 68.467 250
3 2 3 35.636 150
4 2 4 149.92 300
5 3 5 111373 150
6 4 5 48.92 250

In this case the modulation amplitude of
the AC/DC/AC converter at DG2 (A_mi2 =
1.3622) violates its limit value (1.0). So, the
operating point has to be changed to satisfy
this constraint by applying step 3.

After, performing this step, the final output
of the PF module is shown in Table 8 and
Table 9. The first table gives bus result
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whereas the second one gives the flow in
lines,

Table 8: Bus Resull for MG System in

Autonomous Mode after PF
Bus \’ o P¢ Q(; PL QL
ne, pu deg | MW | MVar | MW (MVar
1 1.00 0.00 2105 | -66.53 0 0
2 1.00 | -0.292 | 18.66 | 48.45 0 0
k) 1.00 | -0.618 | 97.22 | -61.12 50 10
4 | 1,005 | -1.059 | 0.0 0.00 150 -55
5 | 1066 [ -1.131 | 0.00 0.00 128 -85
Total 3264 | -176.1 325 | -130
Objective value = 8321.247 $/hr

Table 9: Results of flaw in lines for MG System
in Autonomous Mede after PF

Line ;:s From | Line Flow, FI?:J t(’
# 4 Bus # MVA MVA
1 1 2 140.642 250 |
2 1 4 82.616 250
3 2 3 35.257 150
4 2 4 149,341 300
5 3 5 106.002 150
6 4 5 57.099 250

However the objective value changes

from 5477.37 $/hr to 8321.247 $/hr. Table
10 illustrates the converter parameters of
MG system in autonomous mode after using

A.A. Rabic

4.2.2. Optimal Operation of the MG
system in grid-connected mode

The proposed algorithm is applied to the
test system in grid-connected mode by
connecting the main grid to bus 6 and
considering it as the slack bus.

From Table 11, the objective value is 5451.30
$/hr, which is slightly lower than the case of the
isolated mode. Also, all bus voltage are within
the limit. However, the voltage of bus 5 is in
the limit as it has a very high capacitive load.
Table 12 gives the flow in lines when MG
connected with the main grid. As shown
from Table 12, all line flows are in the
permissible limits,

In this case the modulation amplitude of
the AC/DC/AC converter at DG2 (A_mi2 =
1.338) violates its limit value (1.0). So, the
operating point has to be changed to satisfy
this constraint using step 3. After,
performing this step, the final output of the
PF module is shown in Table 13 and Table
14, for bus result and flow in lines,
respectively.

Tabd'e 11: Bus Result for MG System in
Autonomous Mode after OPF

the OPF and PF steps.
Table 10: Converter Parameters of MG System
in Autonomous Mode
. After Opf After Pf
Setting
Value (PU) | Value (PU)
Ani 1.3622 0.9505
Aoz 0.7884 0.8256
S 30.9745 30.1939
Ao -5.3964 -1.1892
Ams 0.3444 0.4327
amz | 138911 | 9.2482

Bus| Vv ) Pc Q¢ PL| Q
no| pu deg MW | MVar | MW |MVar
1 [ 1047 | 6.353 | 8243 | -2289 | © 0
2 | 1446 | 0307 | 129.08 | 4289 | 0 0
3 1045 | 0.019 | 9055 | 6933 | 50 | 10
4 | 1.049 | 0407 | 0.00 0.00 | 150 | -55
5 | 1.05 | -0.476 | 0.00 0.00 | 125 | -85
6 | 1.045 0 2354 | 1739 | 0 ]
Tota! ‘ 325.6 | -309.01 | 325 | -130

Objective value = 5451.30 $/hr
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Table 12: Results of flow in lines for MG System in Grid-Connected Mode aftcr OPF

Line# |ToBus#| | rom Bus Lil;;‘l;"k'w, Ma;; ‘ljkw,
1 1 2 W 26.56 250
2 I 4 64.45 250
3 2 3 37.43 150
4 2 6 120.7 300
5 2 4 101.299 300
6 3 5 59.19 150
7 4 5 159.73 250
8 4 6 | 2656 350

Table 13: Bus Result for MG System in Grid-Connected Mode after PF

Bus | V o Pg Q¢ PL QL Objective
no | (PU) | (deg) | M (MVAr) | (MW) | (MVAr) | Value
| 1.00 | -3.430 | 50.00 | -41.468 0 0
2 1.006 | -3.430 | 29.082 -18.053 1] 0
3 1.00 | -3.773 | 90.550 -56.162 50 10
4 1.004 | 4.179 0.00 0.00 {50 -55
5 1.005 | -4.258 0.00 0.00 125 -85
6 1.00 0.00 | 159.949 | -56.094 0 0
Total 329.581 | 17177 | 325 30 | A

Table 14: Results of flow in lines for MG System in Grid-Connected Mode after PF

i h
[ : 1 2 2.113 250
2 ! 4 61.037 250
3 2 3 37.189 150
4 2 6 153.405 300
5 2 4 139.652 300
6 3 5 99.459 150
7 4 5 63.610 250
8 4 6 33.364 350

Table 15 gives the converter parameters
for MG in connected mode before and after

performing the power flow step to satisfy the
power electronic constraints. As, it is shown
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from Table 15, the modulation index of the
AC/DC/AC converter violates the desired
value (1.0) before the optimization. But after
optimization, the algorithm forced its value
back to be 0.9928.

Table 15: Converter Parameters when MG
Connected to Main Grid

After OPF After PF
Setting
Value (pu) Value (pu) |
Amiz 13338 09928 |
Aoy 0.8801 0.8536 |
X2 30.9404 30.2914
Tinoz -5.3645 -1.7269
| A 0.4504 0.4830
= 13.9559 92352 |

5. Conclusion

This paper presents a new optimal operation
algorithm of MG including DG units in
autonomous and grid-connected mode.
Based on the developed DG models, a two-
steps optimal operation approach is
presented. Step | of the approach solves for
the AC network based on a conventional
OPF method considering the regular OPF
constraints of active power, reactive power,
line flows, and bus voltage constraints while
minimizing the fuel cost. However Step 2
utilizes terminal quantities of each DG,
obtained from Step 1, and solves for the
internal parameters/variables of the DG unit
including those of the converter system and
the prime source of the DG unit while
making sure that the power -electronic
constraints are satisfied. If the power
electronic constraints are not satisfied, so,
step 3 has to be activated to force them even,
if the optimal fuel cost has to be scarified.
The approach provides an accurate and
efficient optimal operation for a MG in the
two modes of operation considering the
power clectronics constraints. The paper,
also presents steady-state, fundamental-
frequency models of two types of power
electronic converters used for coupling DG

A.A. Rabie

units to the utility power grid. However, the
proposed modeling approach can be
conceptually expanded to other types of
coupling converter systems. A Matlab
program is developed to represent the
proposed algorithm. The program is tested in
various network conditions and verified by
study cases in the two modes of operations
(autonomous and non-autonomous). The
results prove that the proposed algorithm is
successfully forced the system to operate
optimally at minimum fuel cost while
satisfying all the specified constraints in the
two modes of operation.

6. List of Symbols
p Bus real power
Q Bus reactive power
Vo Amplitude bus RMS voltage
1 Bus RMS current

Fn Network frequency
Sp Load complex power
Q. Capacitor reactive power

P, Generator real power

Q:  Generator reactive power

Vg Generator RMS internal voltage
6,  Generator voltage angle

Wy Generator angular frequency

Fg Generator output frequency

V.  Instantaneous generator internal
voltage

Vmg  Amplitude of generator internal
voltage

I Instantaneous generator current

Vi Instantaneous converter input
voltage

Vo Instantaneous converter output
voltage

Vi.  Converter DC-link voltage

R;  Generator Resistance
Ly Generator Reactance
Ry Filter Resistance
Ly Filter Reactance

Am2z  Amplitude modulation index of
inverter

Amoz Amplitude modulation index of
rectifier

tmiz  Inverter angle modulation index

Umoz  Rectifier Inverter angle modulation

index
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Am3  Amplitude modulation index of
matrix converter

am3  Converter angle modulation index

MI  Modulation index of converter
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