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Abstract— A new mathematical model of a renewable generator, 
with a DC-AC interface, based on the concept of electrostatic 
machine is presented. This new model has a direct relationship 
between the DC and AC side. Moreover, it can be used for 
stability studies, taking into account the dynamics of the DC link 
and to find saturations and limits on the control signals. 
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I.  NOMENCLATURE  
vfd, vfq:  Instantaneous electrostatic field voltage in 

dq0-axis. 
vd, vq, v0:  Instantaneous electrostatic stator voltage in 

dq0-axis. 
ifd, ifq:   Electrostatic field current in dq-axis. 
id, iq, i0: Instantaneous electrostatic stator currents in 

dq0-axis. 
Cffd, Cffd:   Self-capacitance of rotor in dq-axis. 
Cd,Cq,Co:  Self-capacitance of stator in dq0-axis. 
Cfd-d, Cfq-q:  “Mutual” capacitances between stator and 

rotor surfaces. 
R:  Armature resistances. 
Rf:   Armature resistances. 
Qd, Qq, Q0:  Demand charge in each dq0-circuit. 
Qfd, Qfq:   Available charge of rotor in dq0-axis.  
Θ:   Angle by d-axis leads the axis of a-phase. 
ωr:  Rotor angular velocity. 

II. INTRODUCTION 
Distributed generation systems have been improved to 

increase the efficiency, the power-sharing controls and other 
feature from different control strategies. These control 
strategies are tuned and analyzed from a set of equations which 
describes the generator´s behavior. The grouping of generators 
and consumers under the Microgrid concept has allowed the 
small-generators to be better utilized. 

Renewable generating systems with DC-AC converters 
give a greater degree of freedom in the control. Their control 
units could trade off the delivered power using global strategies 
and re-configure the strategy if it is required.  Conventional 
droop control [1-3] has been quite used to share the consumer´s 
power between different generators without any 

communication. Furthermore, different modifications have 
been proposed towards improving the dynamic characteristics. 
In [4], a control system that uses an inner control loop in grid-
connected mode and three different control strategies to operate 
in island mode is proposed (conventional droop, power quality 
mode and sync mode). Although inverter-based generators do 
not have an important inertia, P/F-droop control has been used 
widely to control the power [5-11]. On the other hand, P/V-
droop controls that are presented in [12, 13] uses a line 
impedance that is considered mainly as resistive. Moreover, 
[12] presents a combination of the P/V-droop with an outer 
Vg/Vdc-droop control to improve the stability area. 

This paper presents a mathematical model of a renewable 
generator with DC-AC interface, based on the concept of 
electrostatic machine. This new model has a direct relationship 
between the DC and AC side. 

The outline of the paper is presented as follows. The next 
section describes the mathematical model of electrostatic 
machine. In section IV, the relationships between the 
electrostatic machine and the power converter interface are 
presented; in section V a Microgrid system with a perturbation 
in the DC-link is presented. Finally, Section VI concludes by 
highlighting the main contributions of the paper. 
 

III. CONCEPT OF ELECTROSTATIC MACHINE 
The concept of electrostatic machine is proposed by 

introducing the transformation of the DC-side and the three-
phase inverter of Figure 1 in a rotating reference frame (DQ0). 
Then, the inverter and the DC-link can be considered as 
generators of a rotating electric field inside of a virtual 
electrostatic machine. The stator circuits consist of two-axis 
armature capacitors carrying an electric charge Q. 
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Figure 2.  equivalent  electrostatic machine 

A. Mathematical Description  
It is considered that the electrostatic machine is physically 

equivalent to a magnetic synchronous machine with a pair of 
field poles. The rotor is supplied by a direct voltage, which 
produces an electric field that induces charges in the armature 
circuit. The electric field magnitude and the speed of rotation 
are function of the DC capacitor, the modulation index and the 
frequency of the PWM. Figure 2 depicts the equivalent system. 

The current equations of the stator circuits in the 
electrostatic machine can be described as: 
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The charge in each circuit at any instant is given by: 
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Where Cfd-d and Cfq-q are the equivalent capacitance 
between the rotor and the stator in dq-axes and the (Cafd-d*vfd) 
product is equivalent to the transfer charge from the rotor to the 
stator. 

The current equations of the rotor in the electrostatic 
machine are: 
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The equivalent charges Qfd and Qfq are given by: 
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B. Per Unit Representation  
In order to normalize the system´s variables, a per unit 

transformation has been used. In this transformation, the line to 
neutral voltage, the line´s current and the grid frequency have 
been chosen as base quantities for the stator. The complete 
model is expressed as follows: 
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IV. EQUIVALENT OF DG BASED IN ELECTRONIC INTERFACED 

A. General Description 
In Figure 3, a renewable source generator based on 

electronic power interface is depicted. This kind of generator 
has an outer control to work like a plug and play system. The 
generator is synchronized by means of a PLL block with the 
electric utility.  Furthermore, droop curves are often used to 
share the active and reactive power in the Microgrid. The inner 
control is used to track the reference signals and the Space 
Vector Modulation (SVM) module to manage the states of the 
inverter. 
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Figure 4 Equivalent circuits representing of the power electronic interface 
and renewable energy input 
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Figure 5 equivalent circuit  

 

Figure 3. Power electronic interfaces 

A renewable prime source, solar or wind, delivers energy to 
the DC link which is modeled by a current source. The DC 
voltage is regulated by means of the corresponding control 
block. DC-link and control systems could be seen like a 
rotating electric field which gives an electric charge to the 
three-phase system. The speed of the electric field is equal to 
the reference frequency in the inner loop of control that is 
changed according to the shared power by means of the droop 
curves. 

Taking into account that the switching frequency in the 
SVM module is a decade higher than the working frequency, it 
is possible to use the fundamental harmonic of each signal to 
obtain continuous algebraic models and state equations of the 
plant. 

B. Equivalent Circuits for Direct and Quadrature Axes 
Equivalent circuits representing the complete 

characteristics, including the current equations, are shown in 
Fig. 4. These equivalent circuits do not take into account the 
output filter. The circuits represent electrical characteristics and 
provide a visual description of the power electronics interface. 

C. Steady-State Analysis 
The behavior of electronic interface under balanced steady-

state conditions may be analyzed by applying the per unit 
equation (7) as it is summarized in the last section. Since the 
rotor´s and the stator´s quantities are constant under steady 

state, all the time derivative terms drop out of the model. Also 
the zero-sequence components are not present and the ωr  it is 
considered as 1 pu. 

Therefore, the per unit equations under balanced steady-
state conditions can be described as: 
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The above equations can be used to find the field voltages. 
Replacing the product (-ωrC)-1 by the corresponding reactance 
Xc, concludes that: 

( )
( ) qfqqqXcdRfq

dfdqqRdXcfd

XciVVV

XciVVV

d

d

−

−

++=

−−=
11

11

 (8) 

Also, the stator´s voltage and current may be written as 
phasor representation “vt” and “it” where vt=vd+jvq and 
it=id+jiq. The relationships between each other according to (7) 
are: 
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The equivalent circuit of the stator circuit is shown in Fig 5. 
The current´s equations are: 
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The real part: 
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Figure 6 Microgrid system in alone mode 
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If R=Requiv and Xcq=Xcequiv then 

{ } fqXct Vi
qfq −

= 1~Re  (12) 

The imaginary part: 
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If Xcq=Xcd then 

{ } fdXct Vi
dfd −

−= 1~Im  (14) 

Finally, the phasor is: fdXcfqXct VjVi
dfdqfq −−

−= 11~
 

So far, the power interfaces have been modeled assuming a 
DC source from the prime energy side. In this case, under 
steady-state, the DC bus is constant and its energy input is 
equal to the energy output. Additionally, the capacitor of the 
DC-bus has been considered as a rotating reactance along the 
d-axis. Thus, 
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Where d is the average duty cycle. 

The equivalents resistance and admittance are  
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V. A MICROGRID SYSTEM 
A Microgrid system of two inverter-based generator 

operating in island mode is considered in fig. 6. Both 
generators have been working in steady state when a 
disturbance in the primary energy input (irradiance or wind) 
occurred to one of the generators. As soon as the disturbance 
appears, the DC link begins discharging and the controller tries 
to keep the reference signal. Each generator has a three phase 
H-bridge, a nominal DC voltage of 800V and an output voltage 
of 230V rms of 50Hz frequency. Simulations of mathematical 
and electrical models have been carried out by means of 
PSCAD X4 and Matlab/Simulink. 

In steady-state, the Microgrid delivers power to a constant 
load. The generators share the power delivered through static 
f/P and V/Q droop-curves. Figure 7 shows the power delivered 
by each generator. The system begins with a transient and it is 
considered that the steady-state has been reached in 20s. The 
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Figure 7 Microgrid sistem in alone mode 
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Figure 8. Microgrid sistem in alone mode 
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Figure 9.  Microgrid sistem in alone mode 
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Figure 10. Microgrid sistem in alone mode 

system has only delivered active power to the load. The 
disturbance of irradiance in the generator 1 occurs during the 
time of 30s. Figure 8 shows the DC-link of each generator. 
When the disturbance occurs, the dc-link of the generator 1 
begins to decrease and this generator requires reactive power. 
The necessary reactive power is delivered by the generator 2. 

The DC-link of the generator 1 cannot be recovered 
because of the reached limit of saturation in the control’s 
signal. However, because of the active power and the reactive 
power that is delivered and received (respectively) by the 
generator 1, the system is able to maintain the global stability. 

Equivalent unfiled circuit of the Microgrid system 
according to the model exposed is illustrated in figure 9. The 
output filters, the line impedances, the load and the model of 
each generator are presented in the circuit. The values of 
resistors, capacitors and current sources of the model are 
functions of the DC-capacitance and control’s signals (dd and 
dq). 

The behavior of the signals of the current´s sources as well 
as the signals of resistance and impedance of each generator 
are shown in Figures 10 and 11. 

In Figure 10, the Cartesian components of the current 
sources of each generator can be observed. The q-component 
of the generator 1 has a negative change in the time of 30s. 
This change indicates the saturation of the control signal. On 
the other hand, the resistance and impedance values vary 
depending on the active and reactive power delivered to the 
system (Figure 11). 

 



0 20 40 60 80 100 120
0

0.05

0.1

Time(t)

Cu
rr

en
t (

p.
u.

)

 

 

0 20 40 60 80 100 120
0.4

0.5

0.6

0.7

Time(t)

C
ur

re
nt

(p
.u

.)

 

 

Equivalente q-current source of generator 1
Equivalente q-current source of generator 2

Equivalente d-current source of generator 1
Equivalente d-current source of generator 2

 

Figure 11. Microgrid sistem in alone mode 

VI. CONCLUSIONES 
Many models of generators with power electronic 

interfaces have been used. These models use differential 
equations from output filter, the transfer functions of the 
controller to analyze their dynamics to small perturbations. 
Furthermore, the presented model allows analyzing the 
dynamics of DC-link, control signals and power flow behavior 
more directly. A mathematical model based on the concept of 
electrostatic machine is proposed. 
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