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Abstract: The development and the experimental validation of a novel dynamic model of an
islanded three-phase Inverter-based Microgrid (IMG) is presented in this paper. The proposed
model reproduces the relevant system dynamics without excessive complexity and enough accuracy.
The dynamics of the IMG are captured with a compact and scalable dynamic model, considering
inverter based distributed generators with d-current droop primary and proportional resonant inner
controllers. The complete development of the model, the practical assumptions, and the accurate
proportional power sharing of the primary control technique are shown. The accuracy performance
was verified in experiments performed at the Aalborg Intelligent Microgrids Laboratory for an
islanded IMG case.

Keywords: microgrids; power electronics; power sharing control; cyber-physical systems; smart
grids; distributed power generation; power system modeling; DC-AC power converters

1. Introduction

As a result of the successful implementation of different policies to reduce greenhouse gas
emissions and stimulate the integration of Renewable Energy Source (RES), total global installed
power generation capacities based on solar and wind resources have grown significantly [1,2]. Most
of the renewable power plants are small in terms of their generation capacities in comparison with
the conventional fossil-fueled based power generators of the traditional power system [3]. As a
consequence, these distributed generation units are typically connected to the medium and low
voltage level of the distribution network [4]. Generation units, distributed energy storage systems,
and RES can be grouped into clusters connected to the same distribution network and with a proper
coordination and control architecture might operate as a microgrid. In this context, the microgrid
concept has emerged as an important way to deal with the main challenges on the path to the new
smart grid. Microgrids increase the penetration of renewable energy sources, reduce the environmental
impact from the conventional power systems, support a new electric grid with better power quality
supply, and present a higher efficiency [5].

A cluster of distributed generators, loads, and energy storage systems connected at the distribution
level on a single connection point, with the functionality of coordinated operation to supply energy
in grid-connected and islanded mode is known as a microgrid [5–7]. Fossil-fuel based generation
technologies have been the conventional choice for the main energy source in isolated systems.
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However, the demonstrated technical and economical feasibility of RES based on wind, solar, hydrogen
and hydro power has led to the integration of the renewable energy generation technologies as an
essential requirement in the microgrid design [7]. The integration of these generation technologies
normally requires power electronic interfaces (inverters) to connect the distributed generators to the
AC-network [5]. A distributed generator interfaced using power electronics devices is known as an
Inverter-based Distributed Generator (IDG), and when they are the most important generation sources
in the microgrid, the system is commonly categorized as an IMG [6]. There are multiple potential
benefits of implementing IMGs in the current power system; however, it implies the need to deal with
new implementation and operation problems resulting from the integration of IDGs [8]. One of the
most important challenges for the IMG design and operation is the accurate physical modeling of
the system.

Effective and efficient analysis and simulation tools are needed for the smart grid; these simulation
tools require the development of new dynamic models for IMGs with good accuracy performance and
minimum complexity for new improved control techniques. The intensive use of power electronic
devices and cybernetic components in the new smart IMG generates new modeling challenges, which
must lead to models with a proper balance between complexity and accuracy. Considerable research
has been undertaken to cope with the implementation issues of the IMG where the use of cybernetic
components such as virtual components and communication systems is a common characteristic.
On the other hand, significant research has been carried out aiming to find new accurate dynamic
physical models for IMG [3]. However, these modeling proposals have not included cybernetic
characteristics of the system and the complexity of the proposed models is a critical concern to achieve
scalability for practical purposes. Associated with this gap in the literature, the standardization of
cyber-physical IMG models has been scarcely explored.

This paper addresses this challenge and presents an experimental validation of a novel compact
dynamic model for dq-reference frame-based primary controllers, using a systematic modeling
methodology based on practical design assumptions. In this way, the development and experimental
validation of a novel physical dynamic model of an islanded three-phase IMG is presented.
The proposed model reproduces the relevant system dynamics without excessive complexity and with
good accuracy. The dynamics of the IMG are captured with a compact and scalable dynamic model,
considering inverter-based distributed generators with d-current droop primary and proportional
resonant inner controllers. The complete development of the model, the practical assumptions, and
the accurate proportional power sharing of the primary control technique are shown. The accuracy
performance was verified in experiments performed at the Aalborg Intelligent Microgrids Laboratory
for an islanded IMG case. The main contribution of this paper is the development of an IMG compact
dynamic model with the following novel characteristics:

1. Using a Kron reduced network, the interaction between IDGs and the line parameters have been
included.

2. The line characteristics have been adjusted with a dominant virtual impedance, which improves
the accuracy of the model and the stability performance.

3. With some practical design assumptions about the local controller tuning process, the inner
controller dynamics have been neglected.

4. The resulting model offers a compact form with low complexity and high accuracy, which is
shown in an experimental validation.

5. The implemented dq-reference frame-based primary controller leads to accurate proportional
power sharing in steady-state.

1.1. Related Work

During the last decade, considerable research has been undertaken on modeling problem for
IMGs. A first category of modeling approaches represents the interaction of a single IDG with the main
grid, which typically is modeled by an infinite-bus bar, implying that the essential interactions between
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multiple connected units operating in island mode are not considered [9–11]. These modeling strategies
neglect the dynamic interaction between IDGs, which results in low accuracy when reproducing
the IMG system dynamics. More detailed modeling strategies have been proposed considering
the IDG interactions in the network [3,12–19]. Early detailed modeling strategies propose detailed
linearized 15th- and 36th-order mathematical state space models for the basic cases of two IDGs [12,13].
To decrease the complexity of the models, reduction methods have been proposed [3,14–18]. Most of the
reduction strategies are based on the assumption that the IDGs are ideal voltage sources [14,17,18] or
apply time-scale separation methods from an original linearized model [15,16]. Similarly, to represent
dynamics in asymmetric operating conditions dynamic phasors-based modeling techniques have been
proposed [20], which result in a model that is also able to reproduce the dynamics of unbalanced
systems. However, all these proposals have been based on small-signal linearization techniques and
have been applied to the conventional droop control primary controllers. A novel dq droop control
technique is developed for the particular case of fixed frequency inverter-based AC microgrid [21].
Alternatively, a small-signal analysis for stable operation using virtual synchronous generator control is
applied to the power electronic converters [22]. However, the analysis is limited to small perturbations
and is not directly applicable to new primary and inner control techniques including Proportional
Resonant (PR)-based controllers [23] and dq-reference frame control strategies [24,25]. Only a few
recent works have explored large-signal modeling and stability analysis for IMGs [26], and they have
addressed the modeling problem considering alternative primary control techniques [19].

1.2. Notation

The set of real numbers is denoted as R and the non-negative real numbers as R≥0. N denotes
the set of natural numbers, C the set of complex numbers, and S := [0, 2π). Bold style denotes
column vectors (e.g., x), scalars are notated by a non-bold style (e.g., a), and the all-one vector as 1n.
The matrices are denoted with capital letters and particular element in matrix A is denoted as Aij.
The direct and inverse Clarke’s transformations are denoted as Tabc→αβ and Tαβ→abc, respectively [27].
The set of IDG in the IMG is denoted as N = {1, . . . , n}, where n ∈ N.

1.3. Organization of the Paper

The paper is organized as follows. Section 2 introduces an overview of the IMG system including
the IDG implementation. Next, the proposed dynamic modeling approach is presented in Section 3,
which result in a novel compact dq-reference frame model. The experimental validation of the modeling
technique and discussion are given in Section 4, and Section 5 provides some final conclusions and
directions for future work in the physical modeling area.

2. System Overview

The architecture of an n IDG-IMG operating in island mode is represented in the three-phase
circuit shown in Figure 1. The phase angle θi : R≥0 → S, and the amplitude a(t) : R≥0 → R≥0 describe
completely the signal, where R≥0 denotes the set of non-negative real numbers, and S := [0, 2π).
In this way, xabc,i : R≥0 → R3 describes a three-phase symmetric signal given by:

xabc,i = a(t)

 sin(θi)

sin(θi − 2
3 π)

sin(θi +
2
3 π)

 .

Each IDG of the IMG consists of a physical power system, a virtual impedance loop, a PR-P inner
controller and a d-current droop primary controller, as shown in Figure 2.
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Figure 1. Microgrid architecture: Three-phase island mode with multiple IDGs, mismatched lines
parameters and a shared load.
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Figure 2. Inverter-based distributed generator: Physical electric system and inner and
primary controllers.

The reference generator block generates the signal:

vref
αβ,i =

[
vn sin(ωit)
vn cos(ωit)

]
. (1)

The IDG implementation block diagram is shown in Figure 2, where the generator has two main
components: a physical power system and a control system. The physical power system consists of a
three-phase DC-AC converter, an LC filter, a Pulsewidth Modulation (PWM) block, and a DC Link,
which we assume has its own internal controller and is not part of the discussion of this paper. On the
other hand, the control system can be classified in two main control levels, namely: primary controller
and inner controller.
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2.1. Inner Controller

The instantaneous values of inductor currents (i f abc), and capacitor voltages (voabc) are measured
and transformed to αβ coordinates using the Clarke transformation [27]. These signals are used as
control inputs to a double loop voltage inner controller. The voltage double loop inner controller
uses a proportional current controller and a PR voltage controller in αβ reference frame to track an
αβ reference signals, which is generated by the “Reference Generator” block. The voltage reference
generator block produces the local reference voltage as:

v∗α,i = vi sin(θi), v∗β,i = vi cos(θi) (2)

where vi ∈ R>0 is the amplitude voltage reference value and θi = ωit. To simplify the notation,
the vectors vαβ,i = [vα,i, vβ,i]

T , voαβ,i = [voα,i, voβ,i]
T are introduced. The voltage reference signal (v∗αβ,i)

is used as voltage reference input for the inner controller. The inner control architecture is based
on a proportional resonant (PR) voltage loop and a proportional current loop, which is selected due
to its zero steady state tracking error characteristics and simple implementation [23]. In addition,
these control loops are designed to supply nonlinear currents to nonlinear loads and to suppress
voltage harmonics produced by this kind of loads. A general scheme of the physical power system
and the inner inverter controller is shown in Figure 3.

- -
+

+

PR Voltage Controller

-+

P Current 
Controller

X

+ +

Figure 3. PR-P inner controller.

2.2. Virtual Impedance Loop

Each IDG local controller implements a virtual impedance loop, where a dominant output
impedance zv = rv + jxv ∈ C is emulated, where rv ∈ R>0 and xv ∈ R>0 are the virtual resistance and
reactance parameters. The equivalent IDG circuit is presented in Figure 4. As we can see, the equivalent
line impedance parameters can be defined as ze,i = re,i + jxe,i, where re,i = rv + rl,i and xe,i = xv + xl,i.
The virtual loop impedance is implemented in the stationary reference frame (αβ coordinates) as [23],
and can be represented by:

∆vαβ,i =

[
rvioα,i + jxvioβ,i
rvioβ,i − jxvioα,i

]
(3)

where ioα,i and ioβ,i are the measured inverter output currents in αβ coordinates.

Remark 1. The virtual impedance parameters rv and xv can be selected with the rules: rv � 10r∗l , and
xv � 10ωnl∗l , where r∗l ∈ R≥0 and l∗l ∈ R≥0 are approximated line impedance parameters, computed using
maximum line lengths and a typical line impedance. Note that this approach does not imply an accurate
knowledge of the line parameter values.



Electronics 2019, 8, 1326 6 of 15

2.3. Power Controller

One of the essential implementation requirements for the IMG operation is accurate proportional
power sharing. To ensure proportional power sharing, each IDG of an islanded IMG should share
the total load demand according to their ratings [28,29]. Therefore, the power sharing controller must
guarantee that each IDG injects an amount of power proportional to its power rating and does not
exceed its nominal capacity in steady state. In this context, a main control task in the IMG design
is the power sharing control, which traditionally is defined as a primary level control task in the
hierarchical control approach [30]. The concept of proportional sharing between the IDGs can be
defined as follows [3]:

Definition 1. Considering the parameters χi ∈ R>0 and γi ∈ R>0 as weighting factors and pss
i and qss

i the
steady state active and reactive power outputs of the ith IDG, a proportional power sharing is achieved between
two IDGs at nodes i and k with i ∈ N and k ∈ N if:

pss
i

χi
=

pss
k

χk
(4)

qss
i

γi
=

qss
k

γk
(5)

The parameters χi, γi, χk and γk can be defined as the per unit values of the active and reactive
power ratings of each IDG. In this context, the control objective is to achieve proportional power
sharing in the IMG, minimizing required communication infrastructure.

The primary level of control is in charge of supplying the reference signals to the inner control
level. Traditionally, the main task of this control level is to achieve a proportional power sharing state
according to Definition 1. Most of the available solutions for the active power sharing control for
IMGs are based on the assumption of the relation between the active power and frequency. In this
way, most of the previous works for active power sharing control have used the conventional droop
control method as a primary controller. However, the implementation of the droop control implies
considerable drawbacks including reactive power sharing inaccuracy, slow transient response and
line parameters performance dependency. In this section, a novel Direct Current Primary Controller
(DCPC) controller is proposed alternatively to the power droop control. Unlike conventional droop
control architectures, the instantaneous active and reactive power measurements are not used as
feedback control signals; instead, the instantaneous values of output currents are measured and
transformed to dq-coordinates using reference frame theory transformations [31]. This controller is
based on the assumption of implicit dependency between the active power injection with the measured
direct current (idm,i) in the synchronous reference frame [24,25]. Thus, the DCPC controller defines the
reference signal generator variables ωi as:

ωi = ωn − kd,iidm,i (6)

where kd ∈ R≥0 is a proportional droop constant, ωn ∈ R≥0 is the nominal angular frequency, and
idm,i is obtained as:

τm,i i̇dm,i = id,i − idm,i (7)

τm,i i̇qm,i = iq,i − iqm,i (8)

Next, a novel dynamic compact model is developed based on the IMG system described above.
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3. Compact dq-Reference Frame Model for Inverter Based Microgrids

In this section, the main contributions of this paper are presented. Firstly, the IDG, load
and physical-network modeling approaches are introduced and next the proposed compact model
is developed.

3.1. IDG Model

To obtain a simplified IDG dynamic model, the following assumptions are introduced:

Assumption 1. Each IDG implements a virtual impedance, where a dominant output impedance zv =

rv + jxv ∈ C is emulated, where rv ∈ R>0 and xv ∈ R>0 are the virtual resistance and reactance parameters.
rv � rl,i and xv � ωnll,i, where rl,i ∈ R>0 denotes the constant ohmic resistance, ll,i ∈ R>0 the constant
inductance of the line of the ith branch, rv ∈ R>0 and xv ∈ R>0 are the virtual resistance and reactance
parameters, and ωn is the nominal frequency of the system.

Assumption 2. The IDG operates with a fast and stable inner controller such that: voabc,i → vref
abc,i ∀i ∈ N ,

where vre f
abc,i is the input reference signal in abc coordinates of the inner controller.

The equivalent IDG circuit based on Assumption 1 is presented in Figure 4. As we can see,
the equivalent line impedance parameters can be defined as ze,i = re,i + jxe,i, where re,i = rv + rl,i and
xe,i = xv + ll,i.

Equivalent  
impedance

IDGi

Text

Virtual output  
impedance

IDGi

Text

Physical line 
impedance

Text TextEquivalent  
circuit

Original 
circuit

Figure 4. IDG equivalent circuit.

Additionally, based on Assumption 2, the inverter model can be represented by a generic dynamic
system. In this way, the power system components and the inner controller of the IDG can be
represented by a Voltage Controlled Source (VCS), where its three-phase symmetric output voltage is
given by:

vabc,i = vi

 sin(θi)

sin(θi − 120◦)
sin(θi + 120◦)

 .

The variables vi ∈ R≥0, and θi ∈ S can be defined by a higher-level control (primary control
level in a conventional hierarchical control approach [30]), namely uθ

i ∈ R and, uv
i ∈ R, where θ̇i = uθ

i
and vi = uv

i . Note that θ̇i = ωi, and it is assumed that the phase θi and output voltage regulation is
instantaneous, as has been assumed in the previous literature [17,32].

3.2. Load Modeling

Following previous IMG modeling approaches [32,33], the loads in the IMG are assumed to be
constant impedances, and a Kron network reduction is carried out to obtain a set of differential
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equations, eliminating all the algebraic equations of the passive nodes in the original network
model [34]. In this way, constant impedance loads and a Kron reduced network model are assumed [33],
where two IMG nodes i, and k are connected via an admittance Yik := Gik + jBik ∈ C, where Gik ∈ R>0

and Bik ∈ R>0 are the conductance and susceptance parameters, and C is the set of complex numbers.

3.3. Network Model

Based on the IDG equivalent circuit, an electrical microgrid admittance matrix of the reduced
network could be defined as the matrix Yn×n, where: Yii := Gii + jBii = ∑i∈εi

(re,i + jxe,i)
−1, and εi

denotes the set of edges associated to node i. The current flows of the system can be expressed in
dq-reference frame as [35]:

ze,i = re,i + jxe,i (9)

Yii := Gii + jBii = ∑
i∈εi

(re,i + jxe,i)
−1 , (10)

and
idq,i = id,i + jiq,i, (11)

where
id,i = Giivi − ∑

k∈Ni

(Gik cos (δik) + Bik sin (δik)) vk, (12)

iq,i = Biivi − ∑
k∈Ni

(Bik cos (δik) + Gik sin (δik)) vk, (13)

with the angle difference denoted as δik := δi − δk.

3.4. Compact dq-Reference Frame Model

A generalized current-flow model in dq-reference frame can be obtained as a function of the
voltage nodal amplitudes (vi and vk) signals as [3]:

id,i = Giivi − ∑
k∈N

(Gik cos(δik) + Bik sin(δik)) vk, (14)

iq,i = Biivi − ∑
k∈N

(Bik cos(δik)− Gik sin(δik)) vk, (15)

where i ∈ N , δik = δi − δk is the angle differences between the nodes i and k. The assumptions
presented below are required to the compact dq-reference frame model derivation.

Assumption 3. Defining δik := θi − θk as the angle difference, in a synchronized operation, δik is small enough
to assume that sin(δik) ≈ δik and cos(δik) ≈ 1.

Assumption 4. All the IDGs in the IMG have the same nominal amplitude voltage value vn ∈ R>0.

Assumption 5. The primary controller is designed such as the dynamics associated with the circuit components
(distribution lines and loads), and the inner controllers are negligible compared to the dynamics of the other
components in the IMG.

Using the load and network modeling approach presented previously, and considering
Assumption 3, the current flow in dq-reference frame described by Equations (14) and (15) can
be written as:

id,i = Giivi −∑k∈Ni
(Gik + Bikδik) vk,

iq,i = Biivi −∑k∈Ni
(Bik + Gikδik) vk.

(16)
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Considering Assumption 4, the current flow equations of the IMG can be written as:

id,i = vn
{

Gii −∑k∈Ni
(Gik + Bikδik)

}
iq,i = vn

{
Bii −∑k∈Ni

(Bik + Gikδik)
} (17)

Defining the angular frequency of the first IDG as the reference, and the state variable δi = θi − θ1,
from Equation (6), we can obtain a state space equation for δi as:

δ̇i = −kp,iidm,i − kp,1idm,1 for i ∈ N (18)

To achieve a compact representation of the IMG dynamic model, we use a vector-based
formulation of the model. In this way, the following vectors are defined:

idm := col(idm,i) ∈ Rn, iqm := col(iqm,i) ∈ Rn, (19)

δ := col(δi) ∈ Sn−1, ω := col(ωi) ∈ Rn, (20)

vdm := col(vdm,i) ∈ Rn, kp := col(kp,i) ∈ Rn. (21)

Additionally, the following matrices are defined as:

M := 2 diag(G)− G1n, (22)

N := (B− diag(B))− diag (B1n − diag(B)) , (23)

O := 2 diag(B)− B1n, (24)

P := (G− diag(G))− diag (B1n − diag(B)) , (25)

F := kp,1 [1n, 0n×n−1]− diag(kp), (26)

where matrices G and B are the conductance and susceptance matrices resulting from the Kron reduced
network model described in Sections 3.2 and 3.3. Thus, a compact model that represents the dynamics
of an IMGs with n IDGs can be written in a compact form as:

τm i̇dm = M− Nδ− idm (27)

τm i̇qm = O− Pδ− iqm (28)

δ̇ = Fidm (29)

ω = ωn − kdidm (30)

vdm = vn − idmrv + iqmxv (31)

4. Study Cases and Model Validation

The effectiveness and accuracy of the proposed model was verified via an experimental validation
of a study case with two IDGs. The IMG architecture shown in Figure 1 is implemented in an
experiment set-up at the Aalborg Intelligent Microgrids Laboratory [36], which is shown in Figure 5.
The experimental setup consisted of two IDGs, implemented with commercial Danfoss 2.2 kW
inverters and LC output filters, which emulated an islanded IMG with mismatched line parameters.
The measurements were performed using LEM sensors, and the control algorithms were implemented
on the real time platform dSPACE1106 board, which provided computing power for the real-time
system and also functioned as an interface with the host PC and with the input/output boards.
The control models were developed in Matlab/Simulink, compiled in C++, and ran on the DS1006
processor board of dSPACE real-time control platform. The system specifications are listed in Table 1.
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Table 1. Microgrid Setup Parameters: Compact dq-reference frame IMG model validation.

System Parameters Values

Nominal amplitude voltage (vn) 311 V
Nominal frequency ( fn) 50 Hz
Filter Inductance (Lf,i) 1.8 mH

Capacitance Filter (Cf,i) 9 µF
Filter resistor (Rf,i) 0.1 Ω

DC link voltage (VDC) 1000 V
Danfoss Converter FC302 2.2 kW

kpv 0.04
kiv 94
kpi 0.9

Virtual resistance rv 2 Ω
Virtual reactance xv 2 Ω

DCPC gain kd,i 0.1
τm,i 0.1

ZLine,1 0.4 Ω + j0.3015 Ω
ZLine,2 1.73 Ω + j1.3472 Ω
ZLoad,1 58.9 Ω

3- Phase 
Resistive Load 

Real time platform
 dSPACE1106

Danfoss 2.2 kW
 3 -Phase 
Inverters

Host computer

Figure 5. Experiment setup: Compact dq-reference frame IMG model.

An experimental case of two IDGs operating in island is presented in this section. In the initial
state, the generators are operating synchronized without load. At t = 0 s, a resistive load (ZLoad,1) is
suddenly connected and the transient response of the direct and quadrature current, as well as the
frequency and amplitude voltage (approximated as the direct component of the voltage in dq-reference
frame), are recorded by the dSCAPE real-time acquisition system. Figures 6–9 show the transient
response of the experiments (solid lines) and the transient simulation of the model represented
by Equations (27)–(31) (dashed lines).
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In Figure 6 we can see that the compact model reproduces with accuracy the experimental
response of the direct currents. Similarly, the transient behavior of the references frequencies of each
IDGs is shown in Figure 7.
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Figure 6. Direct current transient responses (experimental results in solid lines and model simulation
in dashed lines).
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Figure 7. Frequency transient responses (experimental results in solid lines and model simulation in
dashed lines).

On the other hand, the transient response of the quadrature current components and the direct
component of the output voltages are shown in Figures 8 and 9. It is shown that the model of the
quadrature current components and the output voltages representing Equations (27)–(31) captures
the main settling time and dynamics. In these figures, we can observe that, although the transient
simulation of the compact model captures the main settling time and dynamics, there are small offset
errors between the experimental results and the model simulation for the second quadrature current
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and voltage signals (iqm,2 and vdm,2). This situation can be the result of the low accuracy in the lecture
from the hall sensors measurements and would be studied in future research.
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Figure 8. Quadrature current transient responses (experimental results in solid lines and model
simulation in dashed lines).
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Figure 9. Direct component of the output voltage transient response (experimental results in solid lines
and model simulation in dashed lines).

5. Conclusions

A novel compact dynamic model of an IMG based on practical assumptions is presented.
The transient simulation of the proposed model reproduces the relevant dynamics of the IMG without
excessive complexity and with good accuracy on the output current and voltages dq-components
of each IDG as well as their local frequency references. Unlike most of the previous approaches,
the proposed model can capture dynamics under sudden load perturbations and can be scalable to
practical scenarios with large amount of IDGs. Additionally, it is not limited to conventional primary
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droop control strategies and inner controllers. The presented cases were based on alternative d-current
droop primary and PR double loop inner controllers to show the feasibility to reproduce dynamics of
IDGs with non-conventional primary controllers. The accuracy performance is verified in experiments
on a case of two IDGs islanded IMG.

In future work, the improvement of the model accuracy on the voltage and quadrature current
dynamics will be investigated. Additionally, the integration of these new models to power system
simulators to evaluate the impact on the transient stability of the new smart grid with high penetration
of IDGs is an area for further research. In a similar way, the application of this modeling approach for
stability analysis, control design are challenges that could be addressed.
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