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1.

INTRODUCTION
Microgrids are energy networks which have small-scale and low-voltage feature. They are utilized
to guarantee the distribution and generation locally in the autonomous or remote societies [1]. Microgrids can
be interconnected with large power systems through power electronic converters and can even work
autonomously [2], [3]. In the normal operation where the microgrid is connected to the massive grid, DGs
into the power network can track the grid energy flow and operate without control requirment. In the event of
short circuit or planned interruption, the microgrid can be disconnected from the large grid to operate in
autonomous mode where proper control methods are applied in order to ensure stability of power [4], [5].
The autonomous functionality can provide more elacticity to the DGs involvement and bring a more efficient
power supply. However, autonomous microgrids might have powerless condition than conventional massive
grids because of limited capacities of the DGs [6].
The microgrid notion advocates coordinated control where retrieving trustworthy and high-quality
energy can be ensured to customers by DGs cooperation [7]. The controlled voltage source converters-based
power electronic interfaces are utilized widely to connect the DGs to the point of common coupling of the
network. Moreover, two main categories of microgrid control methods are existed which are divided into
either centralized control or decentralized control methods [8]-[10]. A high bandwidth communication link is
employed in centralized control methods to transfer feedback and control signals between the centralized
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controller and the DGs. Centralized controllers are found to be less reliable since system instability might
appear due to any communication interruption beside the communication system higher costs [11]-[14].
That’s why decentralized control methods are considered more feasible as performing the system online
maintenance and achieving self-organizing can be accomplished easily [15], [16]. The methods of
decentralized control employ 𝑃 − 𝑓 & 𝑄 − 𝐸 droop characteristics to regulate the flow of real and reactive
power in the microgrid. These droop characteristics are based on highly inductive networks where the
decoupling of real and reactive power flow equations can be applied. Slow dynamics and voltage drifts with
load change are some features of these droop characteristics which are compatbile with the network
impedance high 𝑋/𝑅 ratio and large inertia in conventional power systems [17], [18]. However, since line
impedances in microgrids are resistive at most, DGs have small inertia and persistent load variations may
happen. The 𝑋/𝑅 ratio in microgrids is not large like the case in conventional power systems. Consequently,
the active and reactive power flow is dependent on 𝛿 and 𝐸 as they are highly coupled. That’s why the
traditional droop technique which employs decoupled 𝑃 − 𝑓 & 𝑄 − 𝐸 droops bring out weak performance.
Different controllers have been proposed in this context where [19] introduces a virtual resistance so that the
system acts in a resistive manner where 𝑃 and 𝑄 might be regulated by respectively drooping 𝐸 and 𝑓. [20]
and [21] have introduced a virtual reactance and a virtual PQ method, respectively to mimic the inductive
system by increasing the 𝑋/𝑅 ratio. The 𝑃 − 𝑓 & 𝑄 − 𝐸 droop scheme has the disadvantage of exhibiting
power quality problems in terms of frequency and voltage deviations. Replacing the 𝑃 − 𝑓 droop by 𝑃 − 𝛿
droop can eliminate the frequency deviations problem where a global positioning system is introduced to
synchronize the DG units [22]. E. Rokrok and M. Golshan [23] have introduced an adaptive voltage droop
method for improving the regulation of voltage at PCC and mitigating the coupling between 𝑃 and 𝑄 droop
controllers. In [24], synchronizing the global frequency to a nominal value with better disturbance rejection
properties has been realized by considering a finite-time control protocol for frequency restoration, based on
feedback linearization. DG self-frequency restoration control has corrected the frequency deviation by droop
compensation without the need of utilizing a secondary controller [25]. However, resistive line impedance in
low voltage microgrids causes power coupling in 𝑃 − 𝑓 droop control which hasn’t been considered and was
only applied to high or medium voltage networks.
The current communication-less microgrid control methods have utilized 𝑃 − 𝑓 & 𝑄 − 𝐸 droop
characteristics. An alternative approach is proposed in this paper where a 𝑃 − 𝑈 and 𝑄 − 𝑓 droop control
technique is proposed for a microgrid connected to the utility or main grid. The control structures that are
implemented to execute the grid-connected and islanded operations of DGs are investigated. An intentional
islanding condition is performed to investigate the performance of the microgrid control structures.
Moreover, a step change in the utility load has been proposed to prove the control structures performance.
The proposed control strategies can control the voltage and power of the DGs in addition to sharing the load
demand during all modes of operation. The main contribution of this work is accomplished by considering
the abovementioned issues.
The organization of the paper is divided into five sections. At first is the introduction, then section 2
presents the general schematic diagram of the proposed microgrid model. The real and reactive power
generation in relation to the proposed droop control methodology is introduced in section 3. Section 4 shows
the simulation results which are performed to confirm the applicability and efficiency of the proposed control
structures. Finally, section 5 presents the conclusion of the proposed work.

2.

THE PROPOSED NETWORK DESCRIPTION
Figure 1 shows a single-line diagram of the proposed microgrid model which can operate in grid
connected and islanded modes. All the distributed generators are supposed to inject the required active and
reactive power to support their own loads and the utility load then the remnant of power moves out to the
main utility grid. A circuit breaker is placed in the system either to maintain the microgrid online with the
main grid or to isolate the faulty sections from the microgrid in case of short circuits. A utility load is
connected directly to the point of common coupling (PCC) to be supported by real and reactive power in both
modes of operation.
2.1. Modeling and control of grid-connected DC/AC voltage source inverter
Variables in synchronous reference frame (SRF) are used for the control of grid connected inverters
in which they described as DC quantities. Figure 2 depicts the circuit diagram of the three-phase voltage
source inverter connected to the grid. 𝑈𝑎, 𝑈𝑏, 𝑈𝑐 are the inverter output voltages, 𝐸𝑎, 𝐸𝑏, 𝐸𝑐 are the output
voltages of the grid. The inductance of the inverter is denoted by 𝐿𝑖 and 𝐿𝑔 is the inductance of the
grid. 𝑖𝑎, 𝑖𝑏, 𝑖𝑐 are the injected currents in the main grid.
The equation of the diagram depicted in Figure 2 is formulated differentially as
Detailed analysis of grid connected and islanded operation modes based on P/U … (Qusay Salem)
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𝑑𝑖

𝐿[ ]𝑎𝑏𝑐 = [𝑈]𝑎𝑏𝑐 − [𝐸]𝑎𝑏𝑐 − 𝑅[𝑖]𝑎𝑏𝑐
𝑑𝑡

(1)

Where, the total inductance of the inverter is denoted by 𝐿, which means 𝐿 = 𝐿𝑖 + 𝐿𝑔. If 𝜔 = 2𝜋𝑓, where 𝜔
is the frequency of the grid, then (1) can be formulated in synchronous reference frame as:
𝑈𝑑𝑞,𝑟𝑒𝑓 = 𝐿

𝑑𝑖𝑑𝑞
𝑑𝑡

+ (𝑅 + 𝑗𝜔𝐿)𝑖𝑑𝑞 + 𝑈𝑑𝑞

(2)

Figure 1: The proposed microgrid model

Figure 2: Three phase DC/AC voltage source converter connected to grid

Then the real part and the imaginary part of (2) can be written as
𝑈𝑑,𝑟𝑒𝑓 = 𝐿
𝑈𝑞,𝑟𝑒𝑓 = 𝐿

𝑑𝑖𝑑
𝑑𝑡
𝑑𝑖𝑞
𝑑𝑡

+ 𝑅𝑖𝑑 − 𝜔𝐿𝑖𝑞 + 𝑈𝑑

(3)

+ 𝑅𝑖𝑞 + 𝜔𝐿𝑖𝑑 + 𝑈𝑞

(4)

Depending on (3) and (4) the arrangement of the grid connected voltage source inverter current control in dqreference frame is illustrated as shown in Figure 3. Where, 𝑖𝑑,𝑟𝑒𝑓 , 𝑖𝑞,𝑟𝑒𝑓 are the dq reference currents. A PLL
is used for tracking the phase angle of the grid to be synchronized with DGs. PI controllers are used to
compensate the voltage drop caused by the line impedance.
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Figure 3. Block diagram of VSI current control
The control equations for 𝑈𝑑,𝑟𝑒𝑓 and 𝑈𝑞,𝑟𝑒𝑓 are as the following:
𝑘

𝑈𝑑,𝑟𝑒𝑓 = 𝑈𝑑 − 𝜔𝐿𝑖𝑞 + (𝑘𝑝 + 𝑖 ) (𝑖𝑑,𝑟𝑒𝑓 − 𝑖𝑑 )
𝑠
𝑘

𝑈𝑞,𝑟𝑒𝑓 = 𝑈𝑞 − 𝜔𝐿𝑖𝑑 + (𝑘𝑝 + 𝑖 ) (𝑖𝑞,𝑟𝑒𝑓 − 𝑖𝑞 )
𝑠

(5)
(6)

Hence, the formulas of active and reactive power are written in synchronous reference frame as:
3

𝑃 = (𝑈𝑑,𝑟𝑒𝑓 𝑖𝑑 + 𝑈𝑞,𝑟𝑒𝑓 𝑖𝑞 )
2

3

𝑄 = (𝑈𝑑,𝑟𝑒𝑓 𝑖𝑞 − 𝑈𝑞,𝑟𝑒𝑓 𝑖𝑑 )
2

(7)
(8)

It can be seen from (7) and (8) that a mutual coupled voltage exists between the d and q axis quantities.
However, this coupling will not cause independent control of P and Q. In other words, if the delivered real
power changes, the reactive power will change accordingly. The elimination of this mutual coupling is
achieved by considering 𝑈𝑞,𝑟𝑒𝑓 = 0. Hence, the modified real and reactive power can be written as:
3

𝑃 = 𝑈𝑑,𝑟𝑒𝑓 𝑖𝑑
2

3

𝑄 = 𝑈𝑑,𝑟𝑒𝑓 𝑖𝑞
2

(9)
(10)

Consequently, the d-axis current monitors directly the active power and the q-axis current monitors the
reactive power.
2.2. Control of DC/AC voltage source inverter in islanded mode
Once the main utility grid is seperated from the microgrid, every DG inside the microgrid will lose
stability in terms of very high values of current or voltage transients. In island mode, the grid feeding power
converters can not work unless if a grid forming or grid supporting power converter is existed so that the
voltage amplitude and frequency of the ac microgrid can be adjusted [26]. In this paper, a power converter
which is grid forming one is activated at PCC when the microgrid becomes islanded. The circuit diagram of
the grid forming power converter in islanded mode is depicted in Figure 4.
The reference values of the frequency and voltage is determined by a reference sinewave generator.
This is because the microgrid has no physical connection with the main grid. Thus, the DG reference voltage
in islanded mode is extracted as:
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𝑈𝑎 = 𝐸 sin (𝜔𝑡)

{ 𝑈𝑏 = 𝐸 sin (𝜔𝑡 −
𝑈𝑐 = 𝐸 sin (𝜔𝑡 +

2𝜋
3
2𝜋
3

)}

(11)

)

Figure 4. Circuit diagram of grid forming power converter in islanded mode

The voltage and current control circuit for the grid forming power converter in islanded mode is
shown in Figure 5. In the islanded mode, the existing control acts as voltage control through compensation of
current. The control unit employs voltage regulators to extract the desired current references. After that, using
proper PI controllers, 𝑈𝑑 and 𝑈𝑞 will successfully track their references. The output current references
𝑖𝑑,𝑟𝑒𝑓 and 𝑖𝑞,𝑟𝑒𝑓 are compared with 𝑖𝑑 and 𝑖𝑞 , and the difference is inserted to another PI controller. Finally,
the resultant output of the current loop performs as a voltage reference signal which is delivered to the gating
signals of the three-phase power converter.

3.

REAL AND REACTIVE POWER BASED ON DROOP CONTROL TECHNIQUE
Giving consideration to the converter as a voltage source which is controllable and taking into
account that the converter is attached to the main grid via a line impedance as illustrated in Figure 6 (a), then
the transmitted real and reactive power to the main grid can be formulated as:
𝑈𝐴

𝑃𝐴 =

𝑅 2 +𝑋 2

𝑄𝐴 =

𝑅 2 +𝑋 2

𝑈𝐴

[𝑅(𝑈𝐴 − 𝑈𝑏 𝑐𝑜𝑠𝛿) + 𝑋𝑈𝐵 𝑠𝑖𝑛𝛿]

(12)

[−𝑅(𝑈𝐵 𝑠𝑖𝑛𝛿) + 𝑋(𝑈𝐴 − 𝑈𝐵 𝑐𝑜𝑠𝛿)]

(13)

Where, the real and reactive power passing to the grid from the power converter are denoted by 𝑃𝐴
and 𝑄𝐴 , the voltages of the two power converters are denoted by 𝑈𝐴 , 𝑈𝑏 , the phase angle difference between
both converter voltages is denoted by 𝛿, the line impedance is denoted by 𝑍 = 𝑅 + 𝑗𝑋 and the impedance
angle is denoted by 𝜑. Thus, as 𝑅 = 𝑍. 𝑐𝑜𝑠𝜑 and 𝑋 = 𝑍. 𝑠𝑖𝑛𝜑, the vector representation of the given model
can be represented in Figure 6 (b).
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Figure 5. Voltage and current control of the power converter in the islanded mode

(a)

(b)

Figure 6. Modelling of power converter connected to the distribution network.
(a) Equivalent circuit (b) phasor diagram

In low-voltage networks, the impedance of the grid is principally resistive and thus the inductive
part can approximately be neglected. If we assume a small value of the phase angle 𝛿, then (12) and (13) can
be rewritten as:
𝑃𝐴 =

𝑈𝐴
𝑅

𝑄𝐴 = −

(𝑈𝐴 − 𝑈𝐵 𝑐𝑜𝑠𝛿) =≫ 𝑈𝐴 − 𝑈𝐵 ≈
𝑈𝐴 .𝑈𝐵
𝑅

𝑠𝑖𝑛𝛿 =≫ 𝛿 = −

𝑅𝑄𝐴
𝑈𝐴 𝑈𝐵

𝑅𝑃𝐴
𝑈𝐴

(14)
(15)

Based on the previous two equations, it can be noticed that the voltage magnitude in low-voltage
distribution networks and the real power are dependent to each other. Also, the reactive power and the
frequency are influenced by each other. From (14) and (15), the expressions of the droop control are
demonstrated as:
𝑈 − 𝑈𝑜 = −𝑘𝑝 (𝑃 − 𝑃𝑜 )

(16)

𝑓 − 𝑓𝑜 = 𝑘𝑞 (𝑄 − 𝑄𝑜 )

(17)

The characteristics of the proposed droop control are illustrated in Figure 7. The characteristics
demonstrate that the voltage magnitude and the active power are mainly dependent. On the other hand, it is
clear that the frequency and the reactive power are also dependent on each other.
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Figure 7. P/U and Q/f droop control characteristics

4.

DISCUSSION OF SIMULATION RESULTS
Realization and robustness of the proposed droop control strategies in the microgrid model have
been assessed in steady state and transient operating conditions employing ‘SimPowerSystems’ library
toolbox in Matlab/Simulink. The parameters of the single line diagram shown in Figure 1 are given in Table
1. Two scenarios have been evaluated through simulations to examine the system behavior. The first scenario
is when an intentional islanding condition takes place. The other scenario is when the utility load increases
during the islanding period. The significance and novel aspects of the results are obvious by the operation of
the proposed droop control technique where the DGs share the real power to fulfill the total load demand for
both scenarios. Moreover, the obtained results reflect the stability and solidity of the DG VSI control strategy
during both grid-connected and islanded operation modes.

Table 1. Parameters of the proposed model
Grid
DG 1
DG 2
DG 3
DG 4
Utility Load
DGs Loads
Line impedance

𝑉𝑟𝑚𝑠 = 230 𝑉, 𝑓 = 50 𝐻𝑧
𝑃 = 12 𝑘𝑤, 𝑄 = 4 𝑘𝑣𝑎𝑟
𝑃 = 14 𝑘𝑤, 𝑄 = 6 𝑘𝑣𝑎𝑟
𝑃 = 16 𝑘𝑤, 𝑄 = 8 𝑘𝑣𝑎𝑟
𝑃 = 18 𝑘𝑤, 𝑄 = 10 𝑘𝑣𝑎𝑟
𝑃 = 30 𝑘𝑤, 𝑄 = 5 𝑘𝑣𝑎𝑟
𝑃 = 5 𝑘𝑤, 𝑄 = 0 𝑘𝑣𝑎𝑟
𝑅 = 0.5 𝛺, 𝐿 = 0.8 𝑚𝐻

4.1. Intentional islanding scenario
The microgrid is assumed to work in grid-connected mode at (0 ≤ 𝑡 ≤ 1) and then disconnected
from the utility following an intentional islanding condition at PCC which is proposed at 𝑡 = 1𝑠 and lasts for
1000𝑚𝑠 (1 ≤ 𝑡 ≤ 2). After that the system regains its operation to relate to the main grid at (2 ≤ 𝑡 ≤
3). Figure 8 (a)-(d) depicts the microgrid performance concerning the real power, reactive power, rms
voltage and frequency while subfigures (e)-(h) depict the grid performance in terms of real power, rms
voltage, current and frequency.
It is noticed from the results that the proposed droop control strategies are functioning effectively
during grid-connected and islanded modes. Furthermore, it can be noticed that when islanding occurs, the
DGs share the real power to fulfill the total load demand since the power supply of the main grid is lost. As a
result, the rms voltage of the DGs inverters is increased based on the droop characteristics. The reactive
power and frequency of DGs inverters show a little transient at the time of islanding and reconnection due to
the circuit breaker operation. At the grid side, it can be noticed that the system is completely islanded at
(1 ≤ 𝑡 ≤ 2) as the grid real power and current reach zeros. In addition, it is also noticed that a small
fluctuation on grid frequency is existed at the time of islanding and reconnection conditions. Every DG in the
microgrid is equipped with identical droop characteristic is applied for where the DGs real power are shared
equally to satisfy the local loads and the utility load during the islanding period (1 ≤ 𝑡 ≤ 2).
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Figure 8. Microgrid and grid performance during intentional islanding scenario

4.2. Utility load increase scenario
Figure 9 (a)-(d) shows the behavior of the microgrid when the utility load increases. The utility load
has been increased from 30𝑘𝑤 to 50 𝑘𝑤 in order to investigate the performance of real and reactive power
sharing between the grid and microgrid especially when the system is islanded. It is clearly shown that the
real power of DGs inverters in islanding mode have increased to compensate the shortage of generation from
the main grid in order to support the demand of utility load. Again, identical droop characteristics are applied
Detailed analysis of grid connected and islanded operation modes based on P/U … (Qusay Salem)
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for each DG to satisfy the increase in the utility load during the islanding period. This was done by sharing
the real power of all DGs such that the utility load increase is divided on the four DGs equally.
Consequently, the DGs rms voltage has decreased based on the droop characteristics. The reactive
power and frequency of DGs remain as before with a little transient at the time of islanding and reconnection.
However, it can be seen from subfigures (e)-(h) that the main grid real power and current approaches zero as
a result of the islanding condition while the voltage and frequency remain within their permissible limits
during both grid connected and islanded modes.

Figure 9. Microgrid and grid performance during utility load increase scenario
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5.

CONCLUSION
The system efficacy and behavior of the proposed droop control have been investigated during both
grid-connected and islanded modes by proposing an intentional islanding condition at PCC and by increasing
of the utility load. Two control interfaces are employed to design the control strategies, the first one
represents the grid connected mode and the other one represents the islanded mode. The simulation results
confirmed that the response of the proposed control strategies and the droop control can maintain the system
parameters within acceptable limits during both modes of operation. The addition of anti-islanding
algorithms or techniques to the control units of the microgrid is a proper path of the future work.
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