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Abstract: The island microgrid is composed of a large number of inverters and various types of power
equipment, and the interaction between inverters with different control methods may cause system
instability, which will cause the power equipment to malfunction. Therefore, effective methods
for analyzing the stability of the microgrid system have become particularly important. Generally,
impedance modeling methods are used to analyze the stability of power electronic converter systems.
In this paper, the impedance models of a PQ-controlled inverter and droop-controlled inverter are
established in d-q frame. In view of the difference of output characteristics between the two control
methods, the island microgrid is equivalent to a double closed-loop system. The impedance model of
the parallel system is derived and the open loop transfer function of the system is extracted. Based on
the generalized Nyquist criterion (GNC), the stability of parallel system working in island microgrid
mode is analyzed using this proposed impedance model. The simulation and experiment results are
presented to verify the analysis.

Keywords: island microgrid; impedance model; stability analysis

1. Introduction

At present, with the development of new energy sources such as photovoltaics and wind power,
the microgrid has attracted extensive attention from the society and academia [1]. The microgrid is
a single-control independent power generation system composed of distributed generations (DG),
loads, energy storage devices, and control devices. It can operate in grid-connected mode and island
mode [2]. Nowadays, the stability of power electronic networks has received widespread attention [3],
and the stability of island microgrid systems has gradually become the focus of research [4].

In island microgrid system, inverters with different control modes exist in each DG unit. These
inverters are connected to common AC bus through distribution cable. Distribution cable impedance
exists due to the problem of interconnection line distance. The interaction between distribution cable
impedance and different control modes of inverters will cause resonance and affect system stability [5].
Therefore, how to analyze the system stability of the island microgrid through theoretical research and
the accurate design of the system has become an important research direction.

There are many kinds of power electronic devices in microgrid, which are easily affected by
disturbance, so it is necessary to analyze the stability of small signal in microgrid. Small signal stability
refers to the ability that the power system in synchronization state has to return to synchronous
operation without spontaneous oscillation or non-periodic out of step after small interference [6].
There are many analysis methods using small signal modeling, while the traditional method for power
system stability analysis is the state space method, which can analyze the definite meaning of stability.
When analyzing the stability of the state space model, the certainty of the system is needed. However,

Electronics 2020, 9, 463; doi:10.3390/electronics9030463 www.mdpi.com/journal/electronics

http://www.mdpi.com/journal/electronics
http://www.mdpi.com
http://www.mdpi.com/2079-9292/9/3/463?type=check_update&version=1
http://dx.doi.org/10.3390/electronics9030463
http://www.mdpi.com/journal/electronics


Electronics 2020, 9, 463 2 of 20

for a flexible and variable microgrid system, its capacity is small and scattered, and the structure
of the constituent units is easy to change, the parameters need to be recalculated, and portability is
poor [7]. In addition, the state space matrix constructed by the inverter system has a higher order,
and the order of the parallel inverter will increase exponentially. The final model is more and more
complicated and difficult to implement [8]. Because the three-phase stationary coordinate system can
be transformed into the two-phase stationary coordinate system α-β frame and the two-phase rotating
coordinate system d-q frame through the Clark transformation and Park transformation, the model
has a new representation method. Therefore, scholars have proposed an impedance-based modeling
method [9] which takes the input and output of the inverters as impedance models, greatly simplifying
the difficulty of modeling.

Impedance modeling methods are divided into harmonic linearization modeling [10,11] and d-q
frame modeling [12]. In harmonic linearization modeling, complex phase sequence transformation
and algebraic operations are required according to the circuit structure, which increases the difficulty
of modeling and lacks of research on parallel systems. And the small-signal impedance model of the
three-phase inverter established by this method still has coupling impedance components between
positive and negative sequences [13–15]. In [16], a partial impedance model is established in the α-β
frame. The impedance model can be analyzed in the unified coordinate system, but the overall inverter
model with a power loop cannot be established in the α-β frame. In [17], the three-phase voltage-source
inverter is equivalent to two coupled DC systems by using d-q frame modeling method, and the d-q
frame impedance model of inverter is derived by linearization method. However, this impedance
model is generally a two-dimensional matrix model, whereby the traditional Nyquist criterion is not
applicable, so the generalized Nyquist criterion (GNC) [13,18,19] is used to measure impedances in
either d-q or sequence frame to analyze the impedance stability. The d-q frame impedance matrices
of an active front end (AFE), a voltage-source inverter (VSI), and the grid-tied inverters (GTI) are
discussed in [20], which verified the applicability and effectiveness of GNC. The stability of the system
from the perspective of the influence between the parallel inverter and the distribution cable impedance
is discussed in [21]. The source-load system of three-phase inverter can be presented as Norton and
Thevenin equivalents to establish the impedance model of the parallel inverter system [22]. The method
of establishing the impedance model of the parallel converter system and how to analyze the stability
of the impedance model are given in [23]. The circuit analysis methods of the inverter circuit are given
in [24,25], which provides the basis for modeling in this paper. According to the above, the existing
models shown above mainly study the parallel connection of inverters in the α-β frame or the same
control method. This article will complement this research deficiency and establish inverter parallel
models of different control methods in the d-q frame. In addition, the influence of the distribution
cable impedance is also considered. This model can not only study the influence of parameter changes
of a single inverter, but also analyze the parallel stability of multiple units, which has certain novelty.

The rest of this paper is organized as follows. In Section 2, the common output impedance
models of PQ-controlled inverter and droop-controlled inverter are established firstly. In Section 3, the
whole model of island microgrid system is built and the open loop transfer function of the system is
extracted. In Section 4, the stability of the system under different conditions is analyzed by GNC, and
the correctness of the previous theoretical analysis is verified by simulation. In Section 5, the correctness
of the analysis results is verified by experiments, which proves the accuracy and effectiveness of the
model. Finally, the paper summarizes and points out the problems that should be paid attention to in
system design in Section 6.
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2. Output Impedance Model of Inverter

2.1. Open-Loop Output Impedance Model

Figure 1 is the schematic diagram of the main circuit of the three-phase inverter with a LC filter.
According to the circuit principle, the small signal mathematical model [24,25] of the inverters in d-q
frame can be obtained as shown in Equation (1).
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According to Equation (1), the open-loop transfer function block diagram of the inverter in d-q
frame can be obtained in Figure 2.
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2.2. Impedance Model of PQ-Controlled Inverter

Figure 3 is the control block diagram of the PQ-controlled inverter.
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According to Figure 3, the expression between the duty ratio and the output current can be
acquired in Equation (3).[
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From Equations (2) and (3), the unfiltered output voltage of the inverter can be obtained through
small signal processing in Equation (4).
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Through the above analysis, the overall current source controlled inverter system can be divided

into two parts: the main circuit and the control circuit. When the influence of the power loop is ignored,
the output reference value of the power loop is constant. The equivalent model of PQ-controlled
inverter is shown in Figure 4. The relationship between output current and output voltage and
input current reference value can be derived in Equations (5) and (6), the final expression of io under
PQ-controlled inverter can be acquired as Equation (7) by Equations (5) and (6).
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The PQ-controlled inverter is equivalent to the current source, and the Norton equivalent circuit
is constructed. The Norton equivalent circuit of the PQ-controlled inverter is constructed in Figure 5a.
Considering the influence of distribution cable impedance, when Zline is not zero, the Norton equivalent
circuit is constructed in Figure 5b.
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Equation (8) can be obtained from Figure 5. The existence of distribution cable impedance will
affect the gain of closed-loop transfer function of PQ-controlled inverter and the equivalent output
impedance at PCC, which indicates that distribution cable impedance will have a certain impact on the
stability of PQ-controlled inverter.

∧

i o =
1

1 + YiZline
(Ki
∧

i∗o −Yi
∧
upcc) (8)

where
Zline = Rline + sLline

2.3. Impedance Model of Droop-Controlled Inverter

Figure 6 is the block diagram of the droop-controlled inverter, which also ignores the influence
of the power loop, i.e., the constant output reference value of power loop. The control model of the
voltage and current loop is derived according to Figure 6. The expressions for obtaining the reference
value of the inductor current in the d-q frame system are listed in Equation (9).

∧

i∗Ldq = Gv
∧

u∗odq −Gv
∧

iodq (9)

where

Gu =

[
Kpu + kiu/s 0

0 Kpu + kiu/s

]
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Then construct an expression for the duty ratio in Equation (10).

∧

ddq = Gi(
∧

i∗Ldq −
∧

iLdq) (10)

where

Gi =

[
Kpi + kii/s 0

0 Kpi + kii/s

]
The droop control inverter takes the output voltage as the control amount, and can express the

relationship between the small signal variables as follows in Equation (11).
∧

i L = Gii
∧

i o + Gid
∧

d
∧
uo = Gui

∧

i o + Gud
∧

d
(11)

The relationship between the inductor current and the output current in the three-phase stationary
coordinate system can be obtained in Equation (12).

∧

i L
∧

i o

=
sL + RL +

1
sC + RC

1
sC + RC

(12)

The relationship between the inductor current and the output current in d-q frame can be obtained
in Equation (13): 

∧

i Ld
∧

i Lq

 = Gii


∧

i od
∧

i oq

 (13)

where
Gii =

I
I + GCCGLL

In a similar way, the small-signal relationship between duty cycle and inductor current can be
obtained in Equation (14).

∧

i L
∧

d
=

Gpwm

sL + RL +
1

sC + RC
(14)

The transfer relationship between the duty ratio and the inductor current can be obtained in
Equation (15).

Gid =
GPWMGCC
I + GCCGLL

(15)

The relationship between output current and output voltage can be obtained in Equation (16) and
the corresponding relationship between output voltage and duty cycle can be obtained in Equation (17).

Gui =
GLL

I + GLLGCC
(16)
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Gud =
GPWM

I + GCCGLL
(17)

The closed-loop control block diagram after the power loop is ignored can be obtained as shown
in Figure 7.
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When the distribution cable impedance Zline is considered, the bus voltage can be expressed as
Equation (21) and the corresponding Thevenin equivalent circuit is obtained in Figure 8.
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upccdq = Ku

∧

u∗odq −Zo
∧

i odq −Zline
∧

i odq

= Ku
∧

u∗odq − (Zo + Zline)
∧

i odq

(21)
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affected by their own output impedance Zo and distribution cable impedance Zline, while the output
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impedance Zo of the inverter is mainly affected by the parameters of the controller, which has a greater
impact on the stability of the system.

3. Parallel Inverter Model under the Island Condition

3.1. Establishment of Parallel Inverter Model

In this paper, the control mode of the inverter in the island microgrid mainly adopts droop control
and PQ control. Different control units are connected to the same bus. The simplified island microgrid
is shown in Figure 9.
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According to the difference of output characteristics between droop-controlled inverter and
PQ-controlled inverter, the equivalent model of Figure 9 is obtained in Figure 10, where Zline1,m are the
distribution cable impedance of the m-th PQ-controlled inverter and Zline2,n are the distribution cable
impedance of the n-th droop-controlled inverter. The local load of the microgrid is Zload.
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Let Yline1,k = 1/Zline1,k, Yline2,s = 1/Zline2,s, Zi,m = 1/Yi,m, Yo,s = 1/Zo,s, Yload = 1/Zload, assuming that
the parameters of the inverter of the same control mode are the same in the system, which is Yo,s =

Yo = 1/Zo, Zi,s = Zi = 1/Yi (k = 1, 2, . . . , m; s = 1, 2, . . . , n). According to Figure 9, the nodal voltage
equation [23,26] of the system can be obtained as Equation (22):(

Yload +
mYiYline1
Yi+Yline1

+
nYiYline2
Yo+Yline2

)
upcc

=
Yline1

Yi+Yline1

m∑
s=1

Kii∗L,s +
YoYline2

Yo+Yline2

n∑
r=1

Kuu∗o,r
(22)
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It is considered that the local load is passive load and written as impedance expression, then
Equation (22) can be further written as Equation (23).

upcc =
1
n

1
1 + L(s)


Ku

n∑
r=1

u∗o,r − (Zo + Zline2)iLoad+

1
1+

Zline1
Z

(Zo + Zline2)Ki
m∑

s=1
i∗L,s

 (23)

where

L(s) =
[

Ldd(s) Ldq(s)
Lqd(s) Lqq(s)

]
=

m(Zo + Zline2)

n(Zi + Zline1)
(24)

If the difference of inverter output characteristics under different control modes is ignored, it is
unified as Norton equivalent impedance model in Figure 11.
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In Figure 11, the microgrid equivalent model under the unified model is only a single closed-loop
system, which cannot fully reflect the different output characteristics of the parallel system of the
droop-controlled inverters and PQ-controlled inverters. Therefore, the island microgrid can be
equivalent to a double closed-loop system by Equation (23). As shown in Figure 12, the reference
current of PQ inverter and the reference voltage of droop inverter can be regarded as input, the load
current as disturbance, and the voltage of PCC as output.
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3.2. Stability Criterion Based on Impedance Model of Island Microgrid

The equivalent control block diagram of island microgrid shows that the model of double
closed-loop system is more accurate, and according to Equation (23), the open-loop transfer function of
double closed-loop system is L(s), i.e., Equation (24). Since L(s) is a second-order matrix form, the
traditional Nyquist criterion is not applicable, so the more efficient GNC is adopted. L(s) reflects the
matching characteristics of the integrated output impedance of the droop-controlled inverter and the
integrated output impedance of the PQ-controlled inverter. Therefore, the stability of the parallel
inverters is mainly analyzed by L(s) and so as to optimize the design of output impedance of the single
inverter to weaken the interaction between inverters in the microgrid and suppress the resonance.
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4. Stability Analysis and System Simulation

The inverters under the parameters given in this section are all stable in the stand-alone operation,
so neither Zo + Zline2 nor Zi + Zline1 in L(s) have right half-plane poles, so the stability of the system
is stable if and only if the net sum of anticlockwise encirclement of the critical point (−1,0) by the
characteristic loci of the return ratio L(s) is equal to zero according to the GNC. Finally, the correctness
of the stability analysis is verified in Matlab simulation. The control and circuit parameters are listed
in Table 1.

Table 1. Control and circuit parameters.

Inverter Parameters

Public parameter Value

DC voltage Udc 700 V
Switching frequency fs 15 kHz

Rated fundamental frequency 50 Hz
Rated phase voltage magnitude Uo 311 V

Filter inductor L 4 mH
Parasitic resistor of filter inductor RL 0.1 Ω

Filter capacitor C 20 µF

Droop controlled-inverter parameter Value

Voltage proportional coefficient Kpu 2
Voltage integral coefficient Kiu 200

Current proportional coefficient Kpi 0.5
Current integral coefficient Kii 80

Distribution cable resistance Rline 0.01 Ω
Distribution cable inductance Lline 0.3 mH

PQ controlled-inverter parameter Value

Current proportional coefficient Kpi 0.8
Current integral coefficient Kii 120

Distribution cable resistance Rline 0.01 Ω
Distribution cable inductance Lline 0.3 mH

4.1. Effect of Current Loop PI on the Stability of Parallel System

The current-loop PI parameters can be obtained by calculating the inner-loop bandwidth of the
system through the amplitude-frequency characteristics and the switching frequency [27]. In order
to verify the correctness of the model, the current-loop PI values will be changed for verification.
Firstly, there is a PQ-controlled inverter and a droop-controlled inverter in the island microgrid. The
distribution cable impedance is fixed at resistance 0.1 Ω and inductance 0.3 mH. When other parameters
remain unchanged, the current loop PI of the two inverters is changed from Case A (Kp = 0.5, Kii = 80;
Kpi = 0.8, Kii = 120) to Case B (Kp = 0.05, Kii = 20, Kpi = 0.08, Kii = 30), and finally to Case C (Kp = 0.005,
Kii = 5, Kpi = 0.008, Kii = 6).

Figure 13 is the characteristic loci of L(s) with different current loop PI. In Case A, (−1,0) point
is not encircled by the characteristic loci, and the system is stable. In Case B, (−1,0) point is not
still encircled, but the intersection point with the real axis is close to (−1,0) point. In Case C, (−1,0)
point is encircled once, indicating that the system is in an unstable state. The following is validated
by simulation.
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Figure 13. Characteristic loci of L(s) with different current loop PI.

Firstly, the parallel system is operated under the condition of Case A. When t = 0.1 s,
the droop-controlled inverter and the PQ-controlled inverter run in parallel to the steady state.
When t = 0.2 s and t = 0.3 s, PI parameters change to Case B and Case C respectively. The simulation
results are shown in Figure 14.
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Figure 14. Simulation results of parallel system with different current loop PI. (a) Output current
of PQ-controlled inverter. (b) Output current of droop-controlled inverter. (c) PCC voltage.
(d) Load current.

In Figure 14, PCC voltage and output current are in a stable state in Case A. The PQ-controlled
output current has a small amount of resonance, and the system is still in a stable state in Case B.
In Case C, serious resonance phenomena occur in each output, and the system is in an unstable state.
The simulation results are the same as the theoretical analysis.
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4.2. Influence of Distribution Cable Impedance on System Stability

The influence of distribution cable impedance on the stability of the parallel inverters is studied.
Similarly, a PQ-controlled inverter and a droop-controlled inverter are set in the microgrid. The
resistance of two distribution cables is fixed at 0.1 Ω. When other parameters are unchanged, the
distribution cable inductance is changed in turn, which changes from Case A (Lline_droop = 0.8 mH;
Lline_PQ = 0.3 mH) to Case B (Lline_droop = 0.3 mH; Lline_PQ = 0.8 mH) and finally to Case C (Lline_droop =

0.8 mH; Lline_PQ = 0.8 mH).
In Figure 15 is the characteristic loci of L(s) with different distribution cable inductance, the

distribution cable impedance of PQ-controlled inverter does not change, and the impedance of the
contact line of droop-controlled inverter increases in Case A. The characteristic loci is (−1,0) points,
and the system remains stable. The influence of output impedance is small. In Case B, the distribution
cable impedance of droop-controlled inverter is unchanged, and the distribution cable impedance of
PQ-controlled inverter is increased. The characteristic loci is far beyond the (−1,0) point and the system
is in an extremely unstable state. In Case C, the distribution cable impedance of the two inverters
increases at the same time, the characteristic loci still surrounds the (−1,0) point, and the system is still
in an unstable state. However, compared to Case B, the characteristic loci near the (−1,0) point, the
system stability is relatively improved.
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The simulation results of Figure 15 are as follows in Figure 16.
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Figure 16. Simulation results with different distribution cable inductance. (a) Output current
of PQ-controlled inverter. (b) Output current of droop-controlled inverter. (c) PCC voltage.
(d) Load current.

In Figure 16, the system is in a stable state in Case A. In Case C and Case B, the output current of
PQ-controlled inverter and droop-controlled inverter has serious resonance, and the PCC voltage and
load current are also affected to a certain extent. At this time, the system is in an unstable state, and
Case B is less stable than Case C, which is the same as the theoretical analysis results above.

4.3. Effect of Different Inverter Number on System Stability

When a droop-controlled inverter runs stably on load, the number of PQ inverters m increases
from 1 to 4. When a droop-controlled inverter runs stably on load, a PQ inverter is put into operation.
When the parallel system reaches stability, the number of droop-controlled inverters n increases from 1
to 3, corresponding to the Nyquist diagram shown in Figure 17.
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Figure 17. Characteristic loci of L(s) with different number of the inverters. (a) Changes in the number
of PQ-controlled inverters. (b) Changes in the number of droop-controlled inverters.

In Figure 17a, the characteristic loci of L(s) is closer to (−1,0) point with the number of PQ-controlled
inverters increases. This indicates that the stability of the microgrid system is getting worse. When the
number of PQ-controlled inverters reaches four, the system is in an unstable state, while the increase in
droop-controlled inverters has the opposite effect. When the number of droop-controlled inverters
increases, the system is closer to stability. The simulation results of different PQ-controlled inverters
number are as follows.

In Figure 18, when the 4th PQ-controlled inverter is added into the system, which causes the
resonance of PCC voltage and other output currents in the figure, the system becomes extremely
unstable, which is the same as the theoretical analysis results above.



Electronics 2020, 9, 463 15 of 20

Electronics 2020, 9, x FOR PEER REVIEW 15 of 20 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

 
(g) 

Figure 18. Simulation results with different number of the PQ-controlled inverters. (a) Output current 
of droop-controlled inverter. (b) Output current of 1st PQ-controlled inverter. (c) Output current of 
2nd PQ-controlled inverter. (d) Output current of 3rd PQ-controlled inverter. (e) Output current of 
4th PQ-controlled inverter. (f) PCC voltage. (g) Load current. 

t (s)
0.1 0.2 0.3 0.4-20

-10

0

10

20

0.5

m=1 m=2 m=3 m=4
I/D

ro
op

 (A
)

t (s)
0.1 0.2 0.3 0.4-20

-10

0

10

20

0.5

m=1 m=2 m=3 m=4

I/P
Q

1 
(A

)

t (s)
0.1 0.2 0.3 0.4-20

-10

0

10

20

0.5

m=1 m=2 m=3 m=4

I/P
Q

2 
(A

)

t (s)
0.1 0.2 0.3 0.4-20

-10

0

10

20

0.5

m=1 m=2 m=3 m=4

I/P
Q

3 
(A

)

t (s)
0.1 0.2 0.3 0.4-20

-10

0

10

20

0.5

m=1 m=2 m=3 m=4

I/P
Q

4 
(A

)

t (s)
0.1 0.2 0.3 0.4-30

-15

0

15

30

0.5

m=1 m=2 m=3 m=4

I/L
oa

d 
(A

)

t (s)
0.1 0.2 0.3 0.4-400

-200

0

200

400

0.5

m=1 m=2 m=3 m=4

U
/PC

C 
 (V

)

Figure 18. Simulation results with different number of the PQ-controlled inverters. (a) Output current
of droop-controlled inverter. (b) Output current of 1st PQ-controlled inverter. (c) Output current of
2nd PQ-controlled inverter. (d) Output current of 3rd PQ-controlled inverter. (e) Output current of 4th
PQ-controlled inverter. (f) PCC voltage. (g) Load current.
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5. Experiment Results

In order to verify the above theory, two three-phase inverters experiment platform is built. The
main control chips of the experimental control circuit are composed of DSP (Digital Signal Processor,
Texas Instruments, Dallas TX, USA) of TMS320F28335 model and FPGA (Field Programmable Gate
Array, Altera, CA, USA) of EP3C25Q240C8N model.

Figure 19 shows a-phase output waveform of a droop-controlled inverter and a PQ-controlled
inverter running stably in parallel. Experiments on reducing the PI parameters of the current loop and
increasing the distribution cable impedance are carried out under the same other operating conditions.
vPCC represents the PCC voltage, vdroop and idroop represents output voltage and output current of the
droop-controlled inverter, moreover vPQ and iPQ represents output voltage and output current of the
PQ-controlled inverter, all of them are respectively shown in all the following experimental diagrams.
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A-phase output waveforms of the two inverters operating in parallel after reducing the PI
parameters of the current loop are shown in Figure 20.
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Figure 20. A-phase output waveform of two inverters operating in parallel after reducing the PI
parameters of the current loop.

As Figure 20 shows, after the current loop PI parameters of two parallel inverters are reduced,
the PCC point voltage and the output current of each inverter are disordered, and the amplitude and
frequency of the waveform are not in line with the experimental requirements. After a short time
change in this disordered state, an excessive current pulse is generated, which triggers the automatic
protection function of the droop-controlled inverter, the drive is disconnected, and the system operation
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is in a disordered state. Similar to the corresponding simulation in Figure 14, this disorder also occurs
in the simulation, but the simulation is an ideal condition and no overcurrent protection occurs. This
situation is a system instability in both simulation and experiment, and this is consistent with the
results of the GNC analysis of Figure 13.

Figure 21 show the A-phase output waveform of the two inverters operating in parallel after
changing the distribution cable impedance, from Case A (Lline_droop = 1.2 mH; Lline_PQ = 0.5 mH) to Case
B (Lline_droop = 0.5 mH; Lline_PQ = 1.2 mH), and finally to Case C (Lline_droop = 1.2 mH; Lline_PQ = 1.2 mH).
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As Figure 21a shows, under the condition that the distribution cable impedance of the PQ-controlled
inverter is constant, after increasing the distribution cable impedance of the droop-controlled inverter,
the PCC voltage and the output current waveform quality of each inverter is good, indicating that the
system can still run stably. From Figure 21b, it can be seen that, after increasing the distribution cable
impedance of the PQ-controlled inverter, the output current of each inverter has a severe resonance
phenomenon, which affects the PCC voltage to generate obvious harmonics. The waveform quality is
very poor at this time, does not meet the power quality requirements, so the system is in an unstable
state. In Figure 21c, after increasing the contact line impedance of the two inverters at the same time, the
output current of each inverter contains obvious harmonics, the waveform quality is poor. However,
after increasing the distribution cable impedance of the droop-controlled inverter, the PCC voltage
and the output current waveforms are significantly improved compared to the situation in Figure 21b.
Comparing the experimental Figure 21 with the simulation Figure 16, it can be found that, in the same
three cases, after increasing the distribution cable impedance of the droop-controlled inverter, the
output waveforms of the system are all stable, and have a certain effect on improving the stability
of the system. However, the increase of the distribution cable impedance of PQ-controlled inverter
will result in a large number of harmonics in the output waveform, indicating that the system is in an
unstable state at this time. These results also correspond to the GNC stability analysis in Figure 15,
which is consistent with the theoretical analysis.

The above experimental results and analysis verify that the built model in this article can perform
accurate stability analysis through stability criteria, and further prove the reliability and correctness of
the parallel inverters models with different control methods in practical applications. It provides an
important basis for the theoretical analysis of future engineering practice.

6. Conclusions

In this paper, the impedance model of an island microgrid system is constructed. The control
methods of inverters in the system mainly adopt droop control and PQ control. Since the influence
of the distribution cable impedance cannot be ignored, the impedance model with the inverter and
the distribution cable impedance is established in the d-q frame system. The transfer function of the
double closed-loop in the inverter parallel system is constructed due to the output characteristics of the
different control methods and the model that can reflect the impedance matching of system is extracted.
The stability of the system is analyzed by the GNC and model, and the correctness of the analysis
results are verified by simulation and experiments, which proves the accuracy and effectiveness of the
model. This will play an important role in studying the stability of the island microgrid system. The
method for the research in this paper is also applicable to the converter that can be equivalent to the
controlled voltage source and the controlled current source. Through such modeling and analysis,
the operational state of the microgrid parallel system can be analyzed effectively and it has important
significance in parameter design and optimization.

At the same time, this paper draws the following conclusions through theoretical analysis,
simulation, and experiment verification:

(1) The voltage at PCC is easier to be affected by the change of output impedance of PQ-controlled
inverter in the island microgrid parallel system with PQ-controlled inverter and droop-controlled
inverter. Therefore, the output impedance of droop-controlled inverter should be increased
appropriately to enhance the stability of the system.

(2) When the number of droop-controlled inverter is constant, the increase of the number of
PQ-controlled inverter will easily cause resonance and reduce system stability, and when the
number of PQ-controlled inverters is constant, increasing the number of droop-controlled inverters
will contribute to system stability.
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