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Abstract

This paper presents a control strategy for distributed systems, which can be used in islanded microgrids. The control strategy is
based on the droop method, which uses locally measured feedback to achieve load current sharing. Instead of the traditional droop
method, an improved one is implemented. A virtual inductor in the synchronous frame for three-phase inverters is proposed to deal
with the coupling of the frequency and the amplitude related to the active and reactive power. Compared with the traditional virtual
inductor, the proposed virtual inductor is not affected by high frequency noises because it avoids differential calculations. A model
is given for the distributed generation system, which is beneficial for the design of the droop coefficients and the value of the virtual
inductor. The effectiveness of the proposed control strategy is verified by simulation and experiment results.
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I. INTRODUCTION

Distributed generation (DG) is widely used due to its higher
efficiency, higher reliability and lower emission costs [1], [2].
Distributed generation systems are composed of many power
sources such as fuel cells, photovoltaic cells, and wind
turbines. They are called microgrids, and are becoming an
increasingly important concept. In order to achieve flexibility,
communication links should be eliminated among the
constituent DG units, which can be located far away. As a
result, the control regulation of the individual DG units should
be achieved through their own feedback variables [2].

All DG units outputs should have the same phase and
amplitude. Otherwise, the microgrid devices may be damaged
due to uncontrollable power flow among the units. Compared
with traditional inverters, the DG units tend to have a faster
transient response. Once one of them fails, it should be
disconnected from the microgrid. However, when it recovers,
it can be reconnected to the system again. Therefore, the
method used to achieve smooth hot swapping is very
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important.

In order to realize the control objectives, many control
strategies have been proposed. Traditionally, the paralleled
inverter modules communicate with each other to share the
load power. A distributed generation system circuit model in a
standalone AC power system is presented in [3]. Paralleled
inverters for smooth mode transfer microgrid applications are
introduced in [4]. As a microgrid is disconnected from the
utility, one inverter working as the master operates in voltage
source mode, while the other slave units work in current
source mode. Once the microgrid connects to the utility, all of
the units work in current source mode. If the master unit fails
in island mode, the system can not operate normally. For
inverters operating in parallel, sharing the load power is
challenging because they should have the same frequency,
phase, amplitude and even the same carrier waveform [5]. In
order to share load currents equally, central control is widely
used. However, it is not suitable for distributed generation
systems in which the units are located far apart. However, the
frequency/voltage droop control [6]-[17] allows the individual
units to control their individual output voltages independently,
without communications among each other.

Although the droop control is suitable for DG units, the
traditional droop control method is not applicable to nonlinear
loads [7]. Harmonic currents need to be shared as well. Several
control strategies have been proposed to share the harmonic
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currents properly. In [9], a control scheme is presented where
nonlinear load currents can be shared equally by detecting the
harmonic currents in three-phase inverter systems. In [10],
harmonic currents sharing is achieved by adjusting the voltage
references. The virtual inductor control strategy is widely used
for paralleled inverter system to decouple the active and
reactive power. However, all of the virtual inductor control
strategies are implemented in the stationary o-f frame.
Differential computation is necessary for these control
strategies. However, high frequency noises can be amplified.

This paper presents a control strategy for three phase DG
inverters. Compared with the traditional virtual inductance, an
improved virtual inductance without differential calculations
is proposed. Due to the lack of differential computations, the
system is not sensitive to disturbances. Therefore, the
proposed virtual inductance is more robust than the traditional
one. A stability analysis is given for designing the droop
coefficients and the virtual inductance. In the following
sections, the fundamental control theory for connecting the
AC power units in parallel is described firstly. Secondly, a
virtual inductor implemented in the synchronous d-¢ frame is
proposed to achieve accurate load current sharing. Thirdly, a
model of the system is built to analyze its stability. Finally,
simulations and experiments are conducted to verify the
effectiveness of the proposed control strategy.

II. REVIEW OF FUNDAMENTAL DROOP CONTROL

Fig. 1 shows a DG system composed of different sources.
Each source is converted into a fundamental AC source and
connected with a common AC bus. The equivalent circuit of a

u
parallel AC source unit is shown in Fig.2, where ¥ =V£0° s

u
the voltage of the common AC bus, E=EZ} s the output

voltage of the inverter unit, ¢ is the phase angle between the

inverter and the common AC bus,

u
Z=ZcosO+j-Zsin@=R+j-X i the transmission line

impedance and 6 is the phase angle of the transmission line
impedance.

As seen from Fig.2, the apparent power drawn to the
common AC bus can be expressed as:

S=P+j-Q=V-I
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where P and (Q are the active and reactive power,

respectively.
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Fig. 1. Distributed generation system.
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Fig. 3. Control block of the three-phase inverter unit.

From (1), P and Q can be expressed as follows:

V(E - EV si .
P :Mcos@.’.Msn}@
‘ @
E - . EVsi
o=V ECOSP=V) g EVSNG o
Z Z
Traditionally, ¢ is very small, so sing ~ ¢ and cosg~1 .
Therefore, based on (2), the following is obtained:
V(E-V)=Z(PcosO+Qsinb) 3)
EV-¢=Z(Psin@—-Qcosb)

Thus the power angle depends predominantly on the active
power P, whereas the amplitude of the output voltage depends
predominantly on the reactive power Q, which is the
traditional P — @ and Q — E droop [8]. The control scheme can
be expressed as the following:

w=w —m-P
E=E -n-Q

where o and E” are the frequency and amplitude of the output

4)

voltage amplitude at no load, and m and n are the droop
coefficients for the active power and the reactive power,
respectively.

III. ANALYSIS OF THE BACK-EMF ESTIMATOR

The control strategy of the three-phase voltage source
inverter is shown in Fig.3, where the three-loop control
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scheme is designed. The outer control loop is designed to
obtain power sharing among the inverter units. The middle
control loop is the output voltage control loop whose reference
is the output of the power sharing controller. The current loop
works as the inner control loop.

A. Power Sharing Loop

Using the two-axis theory, the instantaneous active power

p and reactive power ¢ can be given by:

=u, i +u i
{P d 'od q 'oq 5)

q=Uyly U Ty,
‘0 are the three-phase output
voltages and the load currents obtained from the Park
transformation, respectively. In order to allow for a sufficient
time-scale separation between the power sharing loop and the
voltage control loop [1], the active and reactive power of the
fundamental components are obtained by a low-pass filter as
follows:

u u i
where "4 | "¢ and ‘od |

p=_2%

S+a)c

" (6)
O=——gq

s+,

where w. is the cutoff frequency of the low pass filter.
In the d-q synchronous rotating frame, the voltage reference

of the inverter is expressed as [V vq,,ef]T:[V,‘d» O]T, where V.,

is the reference of the output voltage amplitude obtained from
the Park transformation. Therefore, the P —w and Q —F
method under d-q frame is written by:

w=w —mP
vdref = I//ef _nQ (7)
Vqre?f =0

where @ is the angular speed set point. To improve the
dynamic response, an improved control strategy based on the
droop method is proposed in [1]. In synchronous frame, the
control strategy can be expressed as:

®=a —mP-m,dP/dt
vdrej/' = I/)e/ - nQ - nd dQ/dt (8)

Vorer = 0

where m, and n, are adaptive transient droop gains. With this
strategy, the damping gain is adaptively tuned under different
conditions. Furthermore, the dynamic response of the
paralleled inverter can be improved effectively.

Actually, the transmission line contains resistance. The P —
o and Q — E droops control is not effective when the output
impedance is resistive. Besides, accurate power sharing
depends on the output impedance. In order to improve the

Fig. 4. Phase diagram in d-q frame.

output impedance characteristics, a virtual inductor is
proposed in [12], in which the output impedance is designed
properly for the inverters to achieve accurate load current
sharing and a reduction of the harmonic voltage distortion.

For three-phase inverters transformed in the synchronous
frame, the voltage and current vectors are depicted in Fig. 4.
1

1

The voltage drop across the inductor Vig leads the current !
by 90° and it is written by:
V,.+JjV

dLg qlg

=j oL, (G, + ji,)=-wL,, + joLi, 9

{VdLg ~ ok (10)
Ve =@L, -1,

From (10), the voltage drop in the d-axis is affected by the
current in the g-axis, while the voltage drop in the g-axis is
affected by the current in the d-axis. Likewise, the proposed

virtual inductance in the d-g frame is shown as follows:

. dP
=0 —mP-m,—
dt
do o,
Vipr =V, g =00 —n; —— (=X, ——1, 11
dref of Q d dt ( S+a)C q) ( )
()

v o =0-X ——i
e ' S+ o, ¢

where X, is the virtual impedance. Compared with the virtual
inductance [6]-[8], [10]-[12], the proposed virtual inductance
is more robust due to the elimination of differential
computations. Since the virtual inductance is much larger than
the actual line impedance, the line resistance can be negligible.
The coupling between the active and reactive power is reduced.
With the power sharing control based on (11), a good transient
response and accurate load current sharing can be achieved.
The proposed control strategy is applicable for inverter units
with mismatched transmission line impedances.

B. Voltage and Current Control Loop

The control strategy for the output voltage and current
control in Fig. 3 is detailed in Fig.5. As can be seen, v, and v,
are the output voltages of the d-axis and the g-axis while i; and
i, are the filtered inductor currents of the d-axis and the g-axis,
respectively. G.(s) is the output voltage regulator while G;(s) is
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Fig. 5. Control strategy of the inverter under d-q frame.

the current regulator. L is the filter inductance and C is the
filter capacitance. The outputs of the voltage loops work as
current loop references. The phase angular used for the d-¢
transformation is derived by the integration of the angular
frequency .

The outer voltage controller and the inner current controller
are both implemented by P/. The outer controller is used to
achieve voltage tracking. The inner current controller Gi(s)
should be designed with a high bandwidth to damp the
resonance and improve the dynamic response.

IV. MODELING AND STABILITY ANALYSIS

Many models have been established for DG systems [8],
[10], [13]. However, the line impedance is viewed as either
fully inductive or fully resistive. A mathematical model is
given in this paper for the viewing of general transmission line
impedance. As shown in Fig.2, the output voltage of the

u u

inverter £ in series with the line impedance Z connects to
u

u
the common AC bus ¥ . In this figure, £ is defined as

€% A small signal analysis is made to investigate the

stability of the system. It should be noted that the analysis is
made assuming that ¢ is very small. If the common AC bus
u
V' is a stiff AC source, the output current i,;t;i,, is obtained
as follows:
E-V 1 ,
by ¥ J iy =—=—=—=l[(e, —V)cosO+e, sinb]
Z VA (12)
1 .
—J -E[(ed —V)sind —e, cosd]
By linearizing (12), the small signal dynamic of i,, and i,,
are written by:

1 .
Ai, ZE(Aed -cosf + Ae, -sin0)
| (13)
Ai, = —E(Aed -sinf@ — Ae, -cos0)

q

Since:

p+]q=V(lod +j.ioq)* :V.iod _j.V'ioq (14)
Linearizing (14) gives:
1 .
Ap=V-Ai, =E(V-Aed cost +V - Ae, -sinb)

Ag=-V-Ai, =%(V-Aed -sin@ -V -Ae, -cos0)

(15)

Supposing that the output voltage achieves zero error

tracking, thus e;/~vy,., and e,~v,.. By linearizing (11), the
dynamic of the proposed control strategy can be written as:

Ao=-m- Ap—s-m,——Ap
St+o, S+ o, (16)
Ae, =—n —Aq—-s-n, % Ag+ X, % Al
s+, s+, s+,

Since Aw = sA ¢, substituting (15) into (16) yields:
Ap+o, - Ap=—m-@, -Ap—m, - @, -Ap

Aetw,-Aey=-n-w,-Aq—n, -0, -Aqg+ X, -0, -Ai,,

. _ . 17
Ae,+ @, -Ae, ==X, -@,-Ai, (a7

where ® represents the first-order derivative and ®® is
the second-order derivative. In addition:

¢ =arctan(e, /e,) (18)
Linearizing ¢ yields:
2 2 2 2
A¢=—qued/(ed te, )+edAeq/(ed +eq) (19)
Rearranging (17) leads to:
ed2 + eq2 e,
Ae, =—Ag+—"A¢, (20)
€ €

Based on (13), (15), (17) and (20), the state space equation

for the system is written as:

Ao 1 o A.¢
Ap |=|f -o el Ad 2D

Ae, d 0 c|lAe

The related coefficients are expressed as follows:
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Fig. 6. Root locus of the system with various X,

TABLEI
SIMULATION PARAMETERS
v 380V
. 370430V
+7e
edaf b 60 rad/s
ZC 0.54 Q
m 68.2°
1x10°
" 1310
M 1x10°
a 1x10*
Gis) 13+100/s
Ge(s) 0.1+50/s
X, 0, cost X,0.8in0 e,
4= 00T (o, - PO
VA Z e,
X, o, sin0 e’ +e,’
b — (_a)c _ v—c ) d q
€
oo VA o nwVsind nwlVcosd e,
Z+n,oVsing ¢ z z e,
X,w sin@ X o cos@ e, n,wlV cosd
—_ —+ —4 .a)
VA VA e, VA
_ VA naw,V cos e’ +€q2)
Z+n,0Vsin@ Z e, (22)
n,o.V cosd X, o, cos0 e’ +e’
+ d~"c 'b+ Ve d q )]
VA VA e,
ma,V cosd maoVsing e, m,wV cosd .
VA VA e, VA
m,@,V sin @ 4
Z
f:_ma)chinQ‘ e’ +eq2 _my@V cost
Z e, Z
m,@.V sin@ b
VA

Equ. (21) represents the state space equation of the system as
X = Ax . The droop control can be designed according to the
desired voltage quality. The parameter design for the droop
control is given in [3], [10], and [13]. This paper focuses on the

Three phalse currents (4)
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Fig. 7. Simulation results of the system with different value of X,
(a) X,=0 (b) X,=1 (c) X,=2.

virtual inductance design. To analyze the stability of the
system, the characteristic equation | s/ — 4 |=0 shows the
system root location. The root locus with X, increasing is
shown in Fig.6. Considering the power level of the system and
the distortion of the output voltage, the droop coefficients are
designed properly and the other parameters are shown in Table
I. With X, increasing, the complex-conjugate dominant
eigenvalues move towards the real axis, which increases the
damping factor. The overshoot during the dynamic response is
mitigated. By further increasing X,, the complex-conjugate
dominant eigenvalues intersect at the real axis, causing the
system over damped. If the value of X, is too large, the
dominant eigenvalue moves from the left side of the plane to
the right side, which results in instability. In order to ensure the
stability and to share the load current among the inverter units,
the virtual inductance should be designed to satisfy the desired
damping performance. Fig. 7 shows the simulation results with
different values of X,. In order to verify the effectiveness, the
transmission line impedances of the two units are chosen with
a 30% mismatch. From Fig. 7 (a) and (b), it can be seen that the
load current sharing accuracy can be enhanced and the
dynamic performance of the system can be effectively
improved with the virtual inductor X, increasing. However, as
can be seen in Fig. 7 (¢), the system is unstable when a value of
X, is chosen that is beyond the stability range.
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Fig. 8. Simulation result when inverter #2 is inserted.
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Fig. 9. Simulation result under a nonlinear load.

V. SIMULATION AND EXPERIMENTAL RESULTS

The simulation results of two paralleled inverters are shown
in Fig. 8 and Fig. 9. Fig. 8 shows the dynamic response when
another inverter is inserted. Before inverter #2 is added, the
PLL is implemented by inverter #2. With the proposed control
strategy, the system operates smoothly and the circulating
current is effectively eliminated.

Fig. 9 shows the simulation result under a nonlinear
rectifying load. As can be seen, the load current is shared
almost equally between the two units.

A microgrid system composed of two 1.5-kVA three-phase
inverters is built to verify the effectiveness of the proposed
control strategy. The experimental results are shown in Fig.10
to Fig. 14. The switching frequency is 5 kHz, the input dc
voltage of the inverter is 600V and the output line-to-line
voltage is 380V. In the experiments, the parameters of the LC
filter are: L=2 mH, C=30 puF. A TMS320F2812 digital
controller is used to implement the control strategy. The
parameters of the current loop controller and the voltage loop
controller are the same as the parameters shown in the
simulation. The droop coefficients are: m=1x10">, n=1x107%,
m~2x10", n=1x10" and X,=0.5.

Fig. 10 shows the currents of the individual inverters when
inverter #2 is inserted. As inverter #2 is connected to the
system, the currents of inverter #1 decrease gradually and the
currents of inverter #2 increase at the same time. As can be
seen from the waveform, with the proposed control strategy
there is no overshoot when inverter #2 is added. After several
fundamental periods, the system operates in the steady state
and the two inverter units share the load current.

Fig. 11 shows the common voltage source v, and the
individual currents of phase a, when inverter #2 is added. As
can be seen, the dynamic response is excellent. The common
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Fig. 10. Dynamic response of the individual three-phase currents
when the inverter #2 is inserted.

Tek Prevu

/\»\’
VoV

Time base.40ms/d1v

Fig. 11. Dynamic response of v,, and the individual currents of
phase a when the inverter #2 is inserted under linear loads.
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Fig. 12. Steady state waveforms under a linear load.
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Fig. 13. Dynamic response under a rectifier load.

voltage source v, is almost unaffected while inserting inverter
#2. Fig. 12 shows the common voltage v,, and the individual
load currents of phase a under linear loads, which shows good
current sharing under the steady state.
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Fig. 14. Steady state waveform under a rectifier load.

Fig. 13 shows the common voltage source v, and the
individual currents of phase a under a nonlinear rectifier load

with a 1000 uF capacitor paralleled with a 100 €2 resistor
when inverter #2 is connected to the system. As can be seen, a
good dynamic response can be achieved under a rectifier load.
Fig. 14 shows the common voltage source v, and the
individual currents of phase a under the steady state. Good
current sharing can be obtained under a rectifier load.
Therefore, the proposed control strategy is perfectly suitable
for linear and nonlinear loads.

VL CONCLUSIONS

This paper presents a method of sharing the output current
among paralleled inverters suitable for DG systems. A virtual
inductor implementation in the synchronous d-g frame is
proposed. With this scheme, the output current is perfectly
shared among the inverters for both linear and nonlinear loads.
By avoiding the use of differential calculations, the control
strategy is much more robust. The method of the virtual
reactance design is given in view of its stability, damping and
dynamic performance. A model is proposed for the design of
the control system and simulations of the two inverter units are
made. Experimental results on a distributed generation system
composed of two 1.5-kVA inverter units validate the
effectiveness of the control strategy.
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