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Abstract: Considering the importance of line fundamental impedance from the inverter to the point of common coupling
(PCC) in microgrids, this study analyzes the influence of fundamental impedance on system stability. Line fundamental
impedance values not only apply to decoupled droop control, which can realize accurate control between active and
reactive power, but also regulate the droop coefficient to eliminate system circulation, realize power sharing, and
improve system stability when a multi-distributed generation system operates in parallel. Moreover, the PCC can sense
grid fault on the basis of variations in fundamental impedance. A novel fundamental impedance identification method
that adopts a constant power control strategy by varying the active and reactive powers in the grid-connected mode is
proposed. In addition, the proposed method has online real-time calculation capability. This strategy has been tested in
simulation and in experiments by using a scaled laboratory prototype. Simulation and experiment results verify the

accuracy of the proposed scheme.
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I INTRODUCTION

With the increasing concern on environmental issues and the increasing cost of hon-renewable energy sources (RESS),
much attention has been given to distributed generation (DG) systems powered by RESs (e.g., solar, wind, and
hydraulic power) ®2%. DG systems are connected to the main grid through microgrids, which are energy storage

systems and power electronics with “plug and play” characteristics [**°

. The microgrid can operate in both
grid-connected and intentional islanding modes, thus enhancing system power reliability. In the grid-connected mode,
the microgrid and main grid both provide electric energy to the load. Therefore, the microgrid can independently
provide power to the load whenever power quality problems (e.g., voltage sag and power outage) occur in the main
grid.

The droop method, which was first developed for parallel uninterruptible power supply systems, controls the active

and reactive powers by using frequency and voltage in microgrid by mimicking the parallel operation characteristic of
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synchronous generators. The values of the line fundamental resistance and line fundamental inductive reactance are
used for the power frame transformation in the decoupling droop control strategy; this strategy can improve system
stability and control the power accurately compared with the traditional droop control !"#°1% The mismatch between
line impedances significantly influences reactive power sharing by using the Q-V droop control when multiple DGs
operate in parallel in the islanding mode. To eliminate the system circulation caused by line impedance mismatch, a
control method is introduced to the interface inverter by using large virtual impedance and by ignoring line fundamental
resistance 1. Although this method is easy to implement, virtual impedance may affect the precision of output
voltage regulation; thus, a proper virtual impedance value is important for the parallel operation of DG systems to
improve the transient and steady-state performance of the systems. Basing on the above analysis, we can denote that
line fundamental impedance, together with several modified strategies such as droop control, virtual active and reactive
power frame transformation 27*%1%] and adaptive droop coefficients, is crucial for the stable operation of the microgrid.

The point of common coupling (PCC) can sense grid fault on the basis of variations in grid impedance. Grid
impedance may be regarded as line impedance from the inverter to the PCC. Therefore, online monitoring of the grid
impedance is important to detect unintentional islanding situation of the DGs. For example, an increase in the system
impedance can be considered an indication of an islanding scenario. According to the European ENS standard (ENS is
the German abbreviation of the main monitoring units with allocated switching devices), an increase of 0.5 W would
lead to grid disconnection within 5 s?2. Thus, several methods have been proposed in the literature to estimate grid
impedance® 2 The following criteria are considered for these methods: accuracy of grid impedance value
estimation??, complexity of the algorithm considering real-time constraints, computational cost of the solution and the
required equipment®, robustness in terms of harmonics and noises, and other real-world constraints. Fast detection
should be realized before the current reaches the limiting value (which can lead to the activation of the traditional
protective equipment) to avoid power disturbances.

In this study, a fundamental impedance identification method for the grid-connected mode inverter is developed.
Fundamental resistance is detected by varying the active power and maintaining the reactive power at zero. Similarly,
the fundamental inductive reactance is estimated by varying the reactive power and maintaining the active power at zero.
This method is theoretically simple and does not intentionally inject disturbance into the grid, which may lead to power
quality degradation issues. The proposed identification method is simple and easy to implement. In addition, real-time
and online identification yields accurate result. The proposed control strategy has been tested in simulation and in an
experimental platform based on TMS320F2812 DSP. Simulation and experiment results verified the feasibility of the

proposed strategy.



II.  MICROGRID STRUCTURE

Figure 1 shows the structure of the microgrid connected to the utility main grid through a static transfer switch at the
PCC. DG1 and DG2 are connected to the grid through line impedance. The microgrid and the main grid both provide
power under normal operation. Once the microgrid is disconnected from the main grid, the microgrid should be able to

supply the total power demand of the loads.

DG1 1
Z1
PC
—{Q
STS
DG2 {3
Z2
Common
Local load ac bus

Fig. 1 Microgrid system structure.

Figure 2 shows the equivalent structure of a DG inverter connected to the grid through line impedance. The active

and reactive power injected to the grid can be expressed as follows:

2
P:Ecosa—£005(9+5) (1)
z z
2
Q:EZ—lsinH—%sin(eJré), 2)

where E; is the common bus voltage, E, is the amplitude of the inverter output voltage, & is the power angle, 9 is the
impedance angle, and Z=R+jX is the line impedance. Commonly, sind=X/Z and cos§=R/Z. Thus, the following equations
can be obtained:

XP - RQ

1

E,sino = 3)

RP + XQ

1

E,—E,cos6 = (4)

The power angle & in Equations (3) and (4) is related not only to the active power but also to the reactive power;

thus, the difference in the voltage magnitude is determined by both active and reactive powers. Consequently, the

traditional P-f droop control, which ignores the effect of line resistance, may result in active and reactive power



coupling. Therefore, determining the fundamental line resistance and fundamental line reactance are important to ensure

system stability.

Fig. 2 Equivalent structure of a voltage source inverter (VSI) connected to the common grid.

I1l. FUNDAMENTAL IMPEDANCE IDENTIFICATION IN THE GRID-CONNECTED MODE
A. Theoretical analysis of the fundamental impedance identification

Figure 2 shows that when the reactive power is zero, Equation (4) yields
E,(E, —E,c0s0) =RP. )
Suppose that the power angle & is small, we can assume that Sind ~ ¢ andC0SJ =~ 1. Therefore, we can derive

the following equation:

E(E,-E,)=RP. (6)
Equation (6) is equivalent to
E -E
R=E, 2 5 2 (7)
The VSI output power is expressed as AE =E, — E,
S:P+jQ:P:ElICOS¢:E1I:ElAZ—E:ElElgEZ, (8)

where ¢ is the phase angle between the voltage and current. If ¢ =0, then E, and E, will have the same phase.

Subsequently, we can obtain the following:

©)

Combining Equations (7) and (9) results in Z = R.. In this case, only the effect of fundamental resistance on power

should be considered. The effect of fundamental inductive reactance on power can be neglected. Consequently, the



effect of line fundamental resistance on power can be estimated when Q = 0. The estimated value is not influenced by

the reactance.

Figure 2 shows that when the active power is set to zero, we can obtain the following formula by integrating Equation

(4):

E,(E, — E,c0s0) = XQ. (10)
When Sind = andcosd =1, we can obtain
E.(E, -E,)=XQ. (11)
Equation (11) can be rewritten as
X =E E-E (12)
Q
Similarly, the VSI output power is given by
. . . . . ._ AE ._E-E
S:P+JQ:JQ:JE1IS|H(P:JE1I:JE17:JE1 12 Z, (13)

where @ = 90°; thus, the following expression can be obtained:

(14)

Combining Equations (12) and (14) results in Z = X . In this case, only the fundamental inductive reactance affects
the system, whereas the fundamental resistance does not affect the system. Therefore, the line fundamental inductive
reactance can be estimated when the system has no active power flow, and the estimated value is not influenced by the
resistance of the line impedance.

B. Realization of the fundamental impedance identification

When the constant power control approach is adopted, we maintain the reactive power at zero and vary the active

power from P*/ 2to P to obtain fundamental resistance in the grid-connected mode at the fundamental frequency,

i.e., no reactive power flow occurs between the microgrid and main grid. Thus, only the active power exists.
Fundamental resistance is calculated according to the corresponding values of the inverter output voltage and current
vectors under the varying active power condition. To obtain the fundamental inductive impedance, we maintain the

active power at zero and vary the reactive power from Q* / 2to Q* at the fundamental frequency. Thus, no active

power flow is transmitted between the microgrid and main grid, and only the reactive power exists. Subsequently, the

fundamental inductive reactance is computed according to the homologous values of the inverter output voltage and



current vectors in the varying reactive power condition. The detection of the fundamental impedance works only at the
initial phase, whereas the constant active and reactive power (P*, Q*) works under normal conditions.

Calculating the voltage and current vectors in the three-phase circuit is difficult. Therefore, the calculation is
executed in a dg synchronous coordinate frame by using Equations (15)—(17). Figure 3 shows the block diagram of the

fundamental impedance estimation.

= = 2 2
R :|E1R - Ejq _ (Eirg — Ejrg)” + (Equ - EZRq) (15)
— 1 2 2
| lir —lr (liga = 1ora) +(I1Rq_|2Rq)
= = 2 2
X :|E1x -E, _ (Eixg — Eoxa) +(Elxq - EZXq) (16)
— 1 2 2
| lix — 1o (lixg = l2xa) +(I1Xq_|2>(q)

Z=vR?+X? (17)

Here, E,5, E,; and I, I, are the voltage and current vectors, respectively, when P =0 and Q=0.

Subsequently, the following vectors can be derived:

Epp = Ejgy + JEigg (18)
Ejr = Eppg + JEorg (19)

L = ligg + Jligg (20)
Lor = Loy + Jlogg - (21)

Here, E,, , E,, and I, ,and I,, are the voltage and current vectors, respectively, when P=0 andQ # 0. In

this situation, the following equations can be derived:

E—lx =Epq + jEqu (22)
E—zx =Epxq + JEoxq (23)
E = lixg + Jlixg (24)

@:IZXd+j|2Xq' (25)
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Fig. 3 Implementation block diagram.

IV. SIMULATION RESULTS

A. Simulation parameters
The proposed control was tested by simulation to validate its feasibility. The simulations used a microgrid consisting

of a two-DG system (see Figure 1). The system parameters are shown in Table I.

TABLE | SIMULATION SYSTEM PARAMETERS

Parameter Values
Rated power 10kW+j2kvar
Load power 30kW+j7.5kvar

DGL1 line impedance 0.50+j0.064684 Q
DG2 line impedance 0.7Q+j0.064684 Q

Maximum power 20 kW+j4 kvar

B. Simulation waveforms

Figure 4 shows the variation in the given power in the grid-connected mode under constant power. The active power
varied from 5 kW to 10 kW, whereas the reactive power was maintained at zero before t=2 s. To obtain the value of the
fundamental resistance, two steady-state voltage and current values were collected during the change in active power.
After t=2 s, the reactive power varied from 1 kvar to 2 kvar, whereas the active power was maintained at zero. In this
case, the value of the fundamental inductive reactance was obtained by capturing the two steady-state voltage and

current values when the reactive power varied.
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Fig. 4 Output of the (top) active power and (bottom) reactive power by using constant power control in the grid-connected mode.

Figure 5 shows the estimated values of the fundamental impedance in the grid-connected mode. The given simulation

parameters and the fundamental impedance simulation results are shown in Table Il. From the comparative analysis of

the given parameters and the estimated values, the following conclusions can be drawn: the accuracy of the fundamental

resistance detection was 98% for DG1, the fundamental reactance detection accuracy was 87% for DG1, the

fundamental resistance detection accuracy was 98.4% for DG2, and the fundamental inductive reactance detection

accuracy was 93.3% for DG2. The simulation result was consistent with that of the theoretical analysis.

RX (0

RX ()

1.00

0.80 |
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The fundamental resistance of DG1

i

0.40 |

0.20 1

The fundamental inductive reactance of DG1

0.00 |

4.00
1.20 ¢
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The fundamental resistance of DG2

0.60 |

0.40

0.20

The fundamental inductive reactance ofDG2

0.00 |

-0.20

4.00
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Fig. 5 Detection values of the fundamental resistance and fundamental inductive reactance of (top) DG1 and (bottom) DG2 in the

grid-connected mode.



TABLE Il FUNDAMENTAL IMPEDANCE PARAMETERS OF THE SPECIFIED AND IDENTIFIED VALUES IN THE SIMULATION

Parameter Fundamental resistance (Q) Fundamental inductive (Q)
Given value of 0.5 j0.064684
Detected value of 0.510 j0.0558
Given value of 0.7 j0.064684
Detected value of 0.711 j0.0690

The main sources of errors are as follows: 1) current ripples, fluctuation of inverter output current and voltage due to
power coupling; 2) A/D sampling; and 3) sind ~¢ and cosd ~1. sind~=J and cosd =1, which are
assumptions for Equations (15) and (16), affect the simulation and experiment accuracy. The assumption relationship
and evaluation accuracy are related to the active power and reactive power steps. The determination of the power steps

variable is a trade-off for the approximate relationship and measurement error of the current and voltage.

V. EXPERIMENTAL RESULTS

Experiments were performed to show the feasibility of the proposed controller. A three-phase inverter unit was built
and tested, and the control was implemented by using a TMS320F2812 DSP. The inverter was connected through a
bypass switch to the grid with an equivalent resistance of 5.28 Q and an inductance of 11.85 mH. The inverter connects
to the 380 V grid through a transformer.

A. Experiment for the fundamental resistance estimation

In the grid-connected mode, to evaluate the fundamental resistance, we varied the active power from 20 W to 40 W
and maintained the reactive power at zero by using the constant power control method. The fundamental resistance
value was then calculated by using Equation (15).

Figure 6 shows the experimental waveform of the inverter’s output voltage and current when no reactive power was
injected to the grid. The phase of voltage and current is the same, which indicates that only fundamental resistance has

an effect on the system.

=
RN

7 (1V/grid)

w (10V/grid)

t (10msfgrid)
Fig. 6 Voltage and current waveforms when the active power is 20 W and the reactive power is 0 var.
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Figure 7 shows the d- and g-axis variations of the inverter’s output voltage and current that were detected by DSP.

The data of the DSP controller online detection are shown in Table I1l. The value of the fundamental resistance was

obtained by using Equation (26). In particular, the sampling rates of the Hall sensor and A/D sampling were 18.61 and

218.4, respectively.

- - (—28—9)2 +(400—368 )
R - (Ugy —Ugp)” + (Ugy —Ugp) _ |_18.61 18.61
(i —igp)* + (i — iqz)2 —15- 2)2 + (273_148)2
218.4 218.4

= 4.5508Q

(26)

The actual line fundamental resistance in the experiment was 5.28 Q, whereas the detected fundamental resistance

was 4.5 Q, resulting in an accuracy of 85.5%.

Uy tg Iy ig(1V/igrid)

| PR

Fig. 7 Variations in ug, Uq, ig, and i; when the active power varies from 20 W to 40 W and the reactive power is O var.

£(500ms/grid)

TABLE 111 ONLINE MEASUREMENT RESULTS WHEN THE REACTIVE POWER IS 0 VAR AND THE ACTIVE POWER VARIES

P Q Ug Ug ig iy
20W | Ovar | 28V | 368V | -15A | 148A
40W | Ovar | 9V 400 V 2A | 273A

B. Experiment for the fundamental inductive reactance estimation

In the grid-connected mode, to detect the fundamental inductive reactance, we changed the reactive power from 20 W

to 40 W and maintained the active power at zero. The fundamental inductive reactance was calculated by using

Equation (16).

Figure 8 shows the experimental waveforms of the inverter output voltage and current when no active power was

injected into the microgrid system; the phase difference of the voltage and current is 90°. This finding indicates that

only the fundamental inductive reactance had an effect on the system.
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7(1AJgrid)

« (10V/grid)

t(10msigrid)
Fig. 8 Woltage and current waveforms when the active power is 0 W and the reactive power is 20 var.

Figure 9 shows the d- and g-axis variations of the inverter’s output voltage and current. The online detection
employed was based on the DSP controller. The data are shown in Table IV. The value of the fundamental inductive

reactance was calculated by using Equation (27).

: ; [(10+150,,  344-344,
U, —Uu + (U, —U
R, - ( o _dz)z (_ @ qzz) _ |- 1861 1861 " _ 3421450 (27)
(g —igo)” + (i —igp) —157+275y, | =50+120,,
g1 g ( )"+ ( )
218.4 218.4
RL
L= =10.896mH (28)
2r

The actual line fundamental inductance in the experiment is 11.85 mH, whereas the detected fundamental inductance

is 10.896 mH, resulting in a 91.9% accuracy.

-
|
3

uy 4, (S00mV/grid)

<
v N

iy 1, (1Vigrid)

»
v

t(500ms/grid)

Fig. 9 Variation in ud, ug, id, and iq when the active power is 0 W and the reactive power varies from 20 var to 40 var.

TABLE IV ONLINE MEASUREMENT RESULTS WHEN THE ACTIVE POWER IS 0 W AND THE REACTIVE POWER VARIES
P Q Ug Ug ig i

ow 20var —110V [ 344V | —157A | —50A

ow 40var =150V | 344V | —275A | —120A
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VI. CONCLUSION

Considering the importance of line fundamental impedance in the microgrid system, this paper presented a novel
fundamental impedance identification strategy by varying the operating power in the grid-connected mode. Theoretical
analysis and formula derivation of the fundamental impedance were performed, and the implementation flowchart under
varying output power reference was presented. The identification method was simple and easy to implement, and the
real-time online identification progress yielded an accurate evaluation.
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