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Modeling, Analysis, and Design of Stationary
Reference Frame Droop Controlled Parallel Three-
Phase Voltage Source Inverters

Juan C. Vasquez, Member, IEEE, Josep M. Guerrero, Senior Member, IEEE Mehdi Savaghebi,
Student Member, IEEE, Joaquin Eloy-Garcia, and Remus Teodorescu, Fellow Member, IEEE

Abstract- Power electronics based MicroGrids consist of a
number of voltage source inverters (VSIs) operating in parallel.
In this paper, the modeling, control design, and stability analysis
of parallel connected three-phase VSIs are derived. The
proposed voltage and current inner control loops and the
mathematical models of the VSIs are based on the stationary
reference frame. A hierarchical control scheme for the
paralleled VSI system is developed comprising two levels. The
primary control includes the droop method and the virtual
impedance loops, in order to share active and reactive power.
The secondary control restores the frequency and amplitude
deviations produced by the primary control. Also, a
synchronization algorithm is presented in order to connect the
MicroGrid to the grid. Experimental results are provided to
validate the performance and robustness of the parallel VSI
system control architecture.

Keywords: Distributed Generation (DG), Droop method,
Hierarchical control, MicroGrid (MG), Voltage Source
Inverters.

. INTRODUCTION

ECENTLY, MicroGrids (MGs) are emerging as a

framework for testing future SmartGrid issues in small
scale. In addition, power electronics-based MGs are useful
when integrating renewable energy resources, distributed
energy storage systems and active loads. Indeed, power
electronic equipment is used as interface between those
devices and the MG. This way, MG can deal with power
quality issues as well as increase its interactivity with the
main grid or with other MGs, thus creating MG clusters [1].
Voltage source inverters (VSIs) are often used as a power
electronics interface; hence, the control of parallel VSIs
forming a MG has been investigated in recent years [1-9].
Decentralized and cooperative controllers such as the droop
method have been proposed in the literature. Further, in order
to enhance the reliability and performances of the droop
controlled VSls, virtual impedance control algorithms have
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been also developed, providing to the inverters with hot-
swap operation, harmonic power sharing and robustness for
large line power impedances variations [10]. Droop control is
a kind of cooperative control that allows parallel connection
of VSIs sharing active and reactive power. It can be seen as a
primary power control of a synchronous machine.

However, the price to pay is that power sharing is
obtained through voltage and frequency deviations of the
system [11], [12]. Thus, secondary controllers are proposed in
order to reduce them, like those in large electric power
systems [1]. Hence, the MG can operate in island mode,
restoring the frequency and amplitude in spite of deviations
created by the total amount of active and reactive power
demanded by the loads [11].

Island operation mode is an old concept that, for example,
constitutes the basis of Uninterruptible Power Supply (UPS),
which is responsible for supplying critical loads under grid
faults [10], [11]. Nevertheless, UPS systems are designed
with different purposes than those in MGs. Thus, MGs are
not conceived to work as a closed system, but they are an
easy-to-expand system capable of integrating distributed
generation (DG) systems, distributed storage (DS) elements
and dispersed loads.

In the case of transferring from islanded operation to grid
connected mode, it is necessary to first synchronize the MG
to the grid. Thus, a distributed synchronization control
algorithm is necessary [1]. Once the synchronization is
reached, a static transfer switch connects the MG to the grid
or to a MG cluster. After the transfer process between
islanded and grid-connected modes is finished, it is necessary
to control the active and reactive power flows at the point of
common coupling (PCC). This can be done by a tertiary
controller that should take into account the state of charge
(SoC) of the energy storage systems, available energy
generation, and energy demand [7,13]. These aspects are out
of the scope of this paper.

In order to implement such a kind of multilevel control
algorithm, it is necessary to apply for communication systems
in order to send information between the DG units [17]-[20].
The concept and general aspects needed for the future
intelligent flexible MGs deployment have been developed in
[21], with the flexibility of operating in both grid-connected
and islanded mode.
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Fig.1. Block diagram of the inner control loops of a three phase VSI.

Furthermore, inner control loops design is very important
for the MG performance. In [19] a resonant controller
adjusted at the fundamental frequency for paralleled single-
phase droop controlled inverters was proposed in order to
improve the output voltage tracking feature.

In the case of three phase DG units, recently inner control
loops with resonant controllers in the stationary reference
frame were proposed to supply nonlinear and unbalanced
local loads [17], [18].

However, droop control still has several drawbacks such
as poor harmonic current sharing and high dependency on the
power line impedances. In order to improve these drawbacks,
some proposals were done by combining low bandwidth
communications with average power sharing, droop control
and extra harmonic compensation control loops [18], [19].
Also, distributed control for four-wire three-phase MGs have
been proposed by using low bandwidth communications,
endowing high power quality features [20].

Another possibility is to combine both master-slave and
droop control techniques according to the distance of
individual DG units of an islanded MG [23]. The concept is
based on using master-slave control in each cluster of DG
units, and droop control to balance the power between
masters. It assumes that the inverters of each cluster are close
enough to implement high speed communications.

Other proposals use communications between a MG
central controller (MGCC) and each DG local controller. The
methodology proposed by [20] and [22] is focused on using
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the aforementioned secondary control to restore the frequency
deviation produced by the local active power/frequency droop
characteristic.

In this paper, a hierarchical control for a parallel VSI
system is analyzed and developed in stationary reference
frame, including current and voltage control loops, virtual
impedance, active/reactive power calculations and a novel of3
grid synchronization algorithm. Thus in contrast to the
conventional control approaches based on the synchronous
reference frame, no af/dq or dg/af transformations are
required in this work. Furthermore, a secondary control and a
coordinated synchronization control loop have been
developed in order to restore frequency and amplitude in the
MG.

The paper is organized as follows. In Section II, the
system modeling and the control design of the voltage and
current control loops are presented. Section Il shows the
droop control and virtual impedance loop designs. Section IV
proposes a coordinated synchronization control loop for the
MG. Section V presents the secondary control for frequency
and voltage amplitude restoration. Section VI presents the
experimental results of a paralleled two 2.2kW-inverter
system. Finally, Section V11 concludes the paper.
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Fig. 2. Block diagram of the closed-loop VSI.

Il. INNER CONTROL DESIGN

The control proposed for the paralleled VSI system is
based on the droop control framework, which includes
voltage and current control loops, the virtual impedance loop
and the droop control strategy. The voltage reference Vi,

Fig. 1 shows the power stage of a VSI consisting of a three
phase PWM inverter and an LCL filter. This LCL filter may
exhibit a critically unstable response when trying to control
the output current with the inverter voltage, as can be
deduced from its transfer function [4]. However, this is not
the case in this paper, in which the capacitor voltage and
inverter current are controlled, thus it can be seen as an LC
filter plus an additional L,.

The proposed controller is based on the stationary
reference frame, including voltage and current control loops.
These control loops include proportional + resonant (PR)
terms tuned at the fundamental frequency, 5%, 7", and 11"
harmonics. Not only current control loop includes current
harmonic tracking in order to supply nonlinear currents to
nonlinear loads, but also voltage control loop includes that,
since it is necessary to suppress voltage harmonics produced
by this kind of loads. [4].

The voltage and current controllers are based on a PR
structure, where generalized integrators (GI) are used to
achieve zero steady-state error. Based on the
abc/af coordinate transformation principle, a three-phase
system can be modeled in two independent single-phase
systems [4]. Thus, the control diagram can be expressed and
simplified as depicted in Fig 2. In order to analyze the closed-
loop dynamics of the system, the Mason’s theorem is applied
for block diagram reduction purposes and the following
transfer function is derived from Fig. 2:

.(5) = G, (5)Gi (5)Gpun
LCs® +(Cs+G,(5)) G, (5)Gpyy +1

LS +G;(S)Gpym .
- 2 I, (S)
LCs® +(Cs+G,(s)) G, (5)Gpym +1

Vi () +

(1)
being v the voltage reference, i, the output current, L the
filter inductor value, and C the filter capacitor value. The
transfer functions of the voltage controller, current controller,
and PWM delay, shown in (1), are described as follows:

koS Koy S
GO =kn+ ozt 2 o
v SZ+6002 h:5,7,11$2"‘(a)0h)2 @
Gy(5) =k, + 0 - X

ST+ 6002 h=5,711 32 + (a)oh)z

frequency and amplitude, will be controlled by the droop
functions, generated in abc and transformed to of-
coordinates. The af-coordinates variables are obtained by
using the well-known Clarke transformation. Also, currents

and voltages are transformed from abc to of.
1
Gy () =——
e (8= Tt s “)

where kyy and k are the proportional term coefficients, Ky
and k;, are the resonant term coefficients at @, = 50 Hz, kyy
and ki, are the resonant coefficient terms for the harmonics h
(5™, 7" and 11™), and T; is the sampling time. By using the
closed loop model described by equations (1)-(4), the
influence of the control parameters over the fundamental
frequency can be analyzed by using the Bode diagrams
shown in Fig. 3. Notice that the control objective is not only
to achieve a band pass filter closed loop behavior with narrow
bandwidth, with 0 dB gain, but also to avoid resonances in
the boundary.

Fig. 4 shows similar Bode plots regarding 5" and 7"
harmonic tracking. Harmonic tracking is required for both
current and voltage loops.
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Fig.3. Bode plot of the sensitivity transfer function for different parameters
of the PR controllers without harmonic compensation. Ky, =[0.1 1] and ky =
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Fig.4. Bode plot of sensitivity transfer function for different PR controllers
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I1l. DROOP CONTROL AND VIRTUAL IMPEDANCE LOOP

With the objective of paralleling VSI units, the reference
of the voltage control loop Vyes will be generated, together
with the droop controller and a virtual impedance loop. The
droop control is responsible for adjusting the phase and the
amplitude of the voltage reference according to the active and
reactive powers (P and Q), ensuring P and Q flow control.
The droop control functions can be defined as follow:

$=¢ -G,(s)(P-P’) ()
E=E —Gy(s)(Q-Q") (6)

being ¢ the phase of V., ¢ is the phase reference
¢ =w [dt=w't, P" and Q" are the active and reactive
power réferences normally set to zero, and G(s) and Gg(s)
are the compensator transfer functions, which are selected as
follows:

KpS+Kip

Go(s) =2 S (7

Go(s) =Ky ®)

being kip and kyq the static droop coefficients, while kyp can
be considered as a virtual inertia of the system, also known as
transient droop term. The static droop coefficients kip and ko
can be selected taking into account the following
relationships ki =  Af/AP  (maximum  frequency
deviation/nominal active power) and Kyq = AV/AQ (maximum
amplitude deviation/nominal reactive power).

Fig. 5 shows the block diagram of the droop control
implementation. It consists of a power block calculation that
calculates P and Q in the qp-coordinates by using the
following well-known relationship [16]:

p= Vca'ioa + Vcﬁ' ioﬁ (9)
q= Vcﬂ' ioa —Veo! ioﬁ (10)
being p and g the instantaneous active and reactive power,
Veos @nd o, the capacitor voltage and the output current. In
order to eliminate p and q ripples, low pass filters are applied
to obtain P and Q.

Furthermore, a virtual impedance loop has also been
added to the voltage reference in order to fix the output
impedance of the VSI which will determine the P/Q power
angle/amplitude relationships based on the droop method
control law.

Fig.5 depicts the implementation of the virtual impedance
loop. Although the series impedance of a generator is mainly
inductive due to the LCL filter, the virtual impedance can be
chosen arbitrarily. In contrast with physical impedance, this
virtual output impedance has no power losses, and it is
possible to implement resistance without efficiency losses.
The virtual impedance loop can be expressed in af-
coordinates as follows [14]:

Via = Rv'ioa _a)L\/'ioﬁ

Vvﬂ = Rv'ioﬂ—'_a)l‘\/ 'ioa
being Ry and Ly the virtual resistance and inductance value,
and v,z and iy, 4 the voltage and output current in af-frame.
The closed-loop modeling and the stability analysis of the
virtual impedance loop has been studied in previous works
[10], [19] and will be not addressed in this paper.

IV. COORDINATED SYNCHRONIZATION LOOP

(11)

In order to synchronize all the VSI of the MG, a
coordinated synchronization loop is necessary to synchronize
the MG with the grid. In this section, a synchronization
control loop in stationary reference frame is proposed as
shown in Fig. 6.

PWM Power
VSI 1 ) Y Calculation+LPF
. ¥P Q4
G,(s) P Q*Q’
- O] KO
36 ¢ E Ssec

v *Cf 9
T y refap
Three Phase Reference (af)

- Tvvaﬂ

Virtual impedance (af3)

A

Fig.5. Block diagram of the droop controller and the virtual output
impedance in af5-coordinates.

VSI- Microgrid

Fig.6. Block diagram of the synchronization control loop of a droop
controlled MG.
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V. SECONDARY CONTROL FOR FREQUENCY AND

The synchronization process is done by using the alpha-
beta components of the grid and the VSI voltages variables,
Vgap @nd V5. Thus, when both voltages are synchronized,
we can assume that

(VgpVe, —VioVes) =0 (12)
being <x> the average value of the variable x over the grid
frequency. Thus, we can easily derive the following PLL

structure, which consist of this orthogonal product, a low-pass
filter and a PI controller:

, kpS—i-ki (13)

() :(V V

sync ap ca VooV )

Wb stw, s

where k, and k; are the coefficients of the PI, and the
signal ay, is the output of the coordinated-PLL to be sent
toeach VSI to adjust their individual P-e droop function,
integrating and adding over the phase of the system, as it can
be seen in Figs. 5 and 6. Notice that, the use of frequency data
is suitable for low bandwidth communications, instead of
using phase or time domain information, which would be
needed for critical high-speed communications. This
algorithm also reduces computational requirement without
hampering the P/Q control loop performances.

VOLTAGE RESTORATION

The secondary control is responsible for removing any
steady-state error introduced by the droop control [15,16].
Taking into account the grid exigencies [25], the secondary
control should correct the frequency deviation within
allowable limit, e.g. £0.1 Hz in Nordel (North of Europe) or
#0.3Hz in UCTE (Union for the Co-ordination of
Transmission of Electricity, Continental Europe). This
controller is also called Load-Frequency Control (LFC) in
Europe or Automatic Gain Controller (AGC) in USA. The
frequency and amplitude restoration compensators can be
derived as [13]:

=K (a);G _wMG)_'_kiF (w;e —G)Mg)dt (14)
= ka (E:/IG —Eve )"‘ Kie (E:/IG —Eye )dt (15)

,

rest
E

rest

being Kor, Kir, Kos and Kig the control parameters of the
secondary control compensator. In this case, ayest and Ejeg
must be limited in order to not exceed the maximum allowed
frequency and amplitude deviations. Fig. 7 shows the overall
control system, considering current and voltage control loops,
virtual output impedances, droop controllers, and secondary
control of a MG.



A. Frequency Restoration
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Fig.8. Block diagram of the frequency secondary control.

In order to analyze the system stability and to adjust the
parameters of the frequency secondary control, a model has
been developed, as can be seen in Fig. 8. The control block
diagram includes the droop control of the system (m=k;p), the
simplified PLL first-order transfer function used to extract the
frequency of the MG, and the secondary control Ggec(S),
followed by a delay Gy(s) produced by the communication
lines. From the block diagram we can obtain the following
model:

.. = Gfsec (S)Gd (S) o — mGLPF (S)
4G ()G (5)Gp (5) 114G ()G (5)Gpu, (5)
(16)
where the transfer functions can be expressed as follows:
KyeS+Kie
Gfsec (S) =T
S (17)
GPLL(S) = 1/(15 + 1), (18)
1
G,(s)=——,
«®) s+1.5m, (19)
,
GLPF (S) = —,

Thus, the closed loop transfer function P-to-amyg can be
expressed as following:

ma,s(s* +sa+b)

Wy =—

s*+s%c+s°d+se+ f 1)

with the following parameters:

a=7+1.5T,
b=15Tr
c=15T, +w,+7
d =, (15T, +7) +7(L.5T, +K )
e=1(w, (K, +1.5T)) +ki)
f =7k,
Fig. 9 depicts the step response of the model in (21) for a
P step change. This model allows us to adjust properly the

control parameters of the secondary control and to study the
limitations of the communications delay.
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Fig. 9. Transient response of the secondary control model. for frequency
restoration.

B. Amplitude Restoration

Similar procedure has been applied when designing the
voltage secondary controller. Fig. 10 shows the block
diagram obtained in this case.

]

SR 0 0

E " Droop :
1 control  |:: E

|;§_,MG
iR =

Fig.10. Block diagram of the amplitude secondary control.

Similarly, we can obtain the closed loop voltage dynamic
model:
* o GEsec(S)Gd (s) _ NG, o (s)
M 14 G ()G, (5) ° 1+Gg (S)G, (S)

where the transfer function Geg(S) is defined as follows

(22)

k k;
GEsec (S) = ﬂ . (23)

Consequently, the following transfer function Q-t0-Eyg
can be obtained:

naw.s(s+1.5
EMG — C ( )

s’ +as’®+bs+kem,

(24)

being:
a=ky+o +15
b=, (K, +1.5)+kig
c=Keo,
By using this model, the dynamics of the system for a step
change in Q can be obtained as shown in Fig. 11.
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VI. EXPERIMENTAL RESULTS

In order to test the feasibility of the theoretical analysis
done, an experimental MG setup was built as depicted in Fig.
12 with the parameters described in Table I. Fig. 13 shows
the electrical scheme and the experimental setup consisting of
two Danfoss 2.2kW inverters, voltage and current LEM
sensors, LCL filters, and a dSPACE1103 to implement the
proposed control algorithms.

TABLE |
CONTROL SYSTEM PARAMETERS
Parameter | Symbol Value Units
Power stage
Grid Voltage Vg 311 \V;
Grid Frequency f 50 Hz
Output Inductance Lo 1.8 mH
Filter inductance L 1.8 mH
Filter Capacitance C 25 uF
Load Re 200/400 Q
dc Voltage Ve 650 V

Voltage/Current P+R Control

Voltage Loop PR 0.35, 400, 4, 20, 11

kay I(rV, ka5,7,11

Current Loop PR 0.7, 100, 30,30,30

th I(rl, I(IH5,7,11

Primary Control

Integral frequency droop Kip 0.0015 Wird
Proportional frequency droop kpp 0.0003 Ws/rd
Proportional amplitude droop kpo 0.27 VAr/V

Virtual Resistance R, 1 [9)
Virtual Inductance L, 4 mH
Secondary Control
Frequency Proportional term Koe 0.0005

Frequency Integral term Kie 0.1 st
Amplitude Proportional term Koe 0.0001

Amplitude Integral term Kie 0.11 st

PLL gain T 50 ms

Danfoss FC302

il
il

PC-Simulink
RTW & dSPACE |
Control desk 12

1424

€

Danfoss FC302
Fig. 12. Scheme of the experimental setup

The switching frequency of the inverters was set at 10
kHz. The MG was connected to the grid through a 10kVA
transformer with 2mH leakage equivalent inductance. Fig. 12
also shows a nonlinear load consisting of a three-phase
rectifier loaded by an LC filter and a resistor. The first test
starts with the harmonic control loop disabled (Voltage
THD=5.61%); and then, the voltage P+R harmonic control
(Voltage THD=0.63%) is activated. Figs. 14a and 14b show
the inverter output voltage and current waveforms of a
standalone VSI when supplying the nonlinear load. Fig. 15
shows the output current waveforms of the two parallel
connected VSIs sharing the nonlinear load by using the droop
method. First, both inverters are sharing the load, and then at
t=0.21s the first inverter is suddenly disconnected, letting
only one VSI supplying the total amount of the needed
current. Thus, if one inverter trips and the second one is able
to supply the load, the system will still remain stable. This
fact highlights the reliability of the system.

Fig. 16 shows how the VSIs frequency and amplitude
restoration can be achieved by means of the secondary
control strategy. Notice that frequency and rms voltage values
are slowly and successfully regulated inside the islanded MG,
removing the static deviations produced by the droop method
and the virtual impedance control loops. In Fig. 16a and Fig.
16b, frequency and amplitude deviations produced by the
droop method are shown at t=1.2s when a load is suddenly
connected to the system. At t=8.5s, the restoration process by
the secondary control of both parameters starts to act.

Fig. 17 depicts the transient response of the MG when the
secondary control is continuously operating, and a load
change is suddenly produced at t=9s and the second inverter
is disconnected at t=31s. Note that the frequency is restored
in both cases. As the MicroGrid is a small system based on
power electronics, the response is faster than those shown in
[25] demanded by the grid. Notice the smooth recovery
towards the nominal frequency and amplitude.

Finally, Fig. 18 shows the synchronization process
between the DG unit and the grid. It can be seen that the
voltage waveforms of the MG and the grid are synchronizing,
and the error difference between them is decreasing. This
result depicts the seamless distributed synchronization
process. The cooperative synchronization algorithm does not



affect the system stability since the bandwidth is much more
reduced.
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Fig. 13. Experimental setup.

(b)
Fig. 14. Output voltage (a) and current (b) waveforms of a VSI.
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#2, when inverter #1 is suddenly disconnected.

VII. CONCLUSIONS

In this paper, a hierarchical control for three-phase
paralleled VSI based MGs has been proposed. The control
structure was based on the stationary reference frame, and
organized in two control levels. The inner control loops of the
VSIs consisted of the current and voltage loops with
harmonic resonant controllers. The primary control is based
on the droop control and the virtual impedance concepts. The
secondary control is the local centralized controller
responsible for power sharing and it has the objective of
restoring the frequency and amplitude deviations produced by
the primary control.

The different levels of control have been modeled and the
closed-loop system dynamics has been analyzed, in order to
give some guidelines for the appropriate selection of the
system parameters. Simulation and experimental results have
shown the good performance of the MG control system.
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Fig. 16. Frequency and amplitude deviation and restoration of the MG.
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