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Abstract—The development of distributed energy resources, renewable
technologies, and storage systems has given great importance to power
electronics that enable coordination and parallel operations of multiple
distributed generation units (DGUs) in microgrids. These DGUs are
electronically-coupled to each other through power converters that can
accurately control their output frequency. This paper presents a droop
control technique for fixed frequency VSI-based ac microgrids that
combines reference frame transformation, Lyapunov stability analysis,
and a modified dc droop control strategy to share active and reactive
power between the DGUs without altering the frequency and magnitude
of the bus voltage in the islanded microgrid. The simulations show that
the proposed distributed droop control ensures proper sharing of the
active and reactive power, and regulates the bus voltage at the nominal
value while operating at a fixed frequency.

Index Terms—Active and reactive power-sharing, droop control, mi-
crogrids, reference frame transformation.

I. INTRODUCTION

HE electricity grid of the future can be seen as the intercon-
nection of multiple microgrids. These microgrids can be either
connected to the grid or operated autonomously. In the grid-tied
mode, the microgrid voltage magnitude and frequency are dictated
and maintained by the main grid, and the distributed generation units
(DGUs) are only responsible for controlling the injected power. The
islanded mode is more challenging than the grid-tied mode since the
DGUs should coordinate with each other to balance the load and
regulate the voltage magnitude and frequency of the microgrid.
Different control schemes have been proposed in the literature
for coordination and load sharing between parallel-connected DGUs
in islanded microgrids. These methods are divided into two main
categories. The first category covers the active load sharing techniques
that ensure accurate load sharing and voltage regulation. These
techniques include the centralized [1], the master-slave method [2],
and the average load sharing scheme [3]. However, they pose the
risk of a single point of failure as they depend on communication
technology for measurements and information exchange between
the DGUs. The second category covers the communication free
schemes, mainly the droop characteristic methods, that use only local
measurements to share the load and maintain the voltage [4].
Droop control in ac microgrids tries to mimic the conventional
electrical grid behavior. It exploits the relationships between real
power and frequency P — f and between reactive power and voltage
magnitude ) — V/, that govern the spinning machines of synchronous
generators, to share both active and reactive power between the gen-
erators. This conventional droop control adjusts the DGUs frequency
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and voltage magnitude references in response to an active or reactive
power change [5]

To achieve active and reactive power-sharing without changing
the microgrid frequency, angle droop control has been proposed
in [6]. This technique depends on accurate voltage angle measurement
relative to a reference angle. It also requires large values of angle
droop gains to ensure proper sharing of the load, which may lead to
instability of the overall system. To overcome these issues, authors
in [7] use a supplementary angle droop control loop that improves the
stability even with the high angle droop gains. However, the design
of the additional loop appears to be complicated.

In [8], the authors present a current magnitude droop control
strategy for voltage source inverters (VSIs) in current control mode.
This strategy combines linear current regulator and predictive voltage
control to share the load and regulate the voltage level. However, this
method is designed for single-phase systems and can only achieve
equal load sharing.

In this work, a novel droop control scheme for DGUs in fixed
frequency VSI-based ac microgrids is presented. One particular idea
behind this method is to exploit the inherent property of VSIs to
tightly control their output waveform in order to operate the microgrid
at a fixed frequency. The other idea is to transform a balanced
three-phase ac system into two coupled dc systems using the dqO
transformation. Hence, dc droop control with integral feedback can be
applied to each of the two resulting dq systems to separately share the
d and g-axis components of the load current. Consequently, the active
and reactive power are shared without deviation of the bus voltage. A
droop stability analysis is performed to prove that the cross-coupling
terms in the two equivalent dc systems do not affect the stability of
the system with droop control. A two DGUs microgrid is simulated to
demonstrate the efficacy of the proposed droop technique regarding
sharing active and reactive power and maintaining the bus voltage at
its nominal value even when the load changes.

II. MICROGRID MODEL

For simplicity, the two parallel-connected DGUs microgrid model
presented in [9] will be used for the simulation of the proposed droop
control. Nevertheless, this strategy can be applied to a microgrid with
N parallel-connected DGUs. The studied microgrid consists of 1) two
DGUs composed each of a VSI connecting a dc voltage source to the
ac bus through a series (R;;, L;;) line/filter. 2) A parallel three-phase
(RC) network representing the ac load connected to the bus.

The state equations of the ith DGU (¢ = 1, 2) in the abc-frame are
obtained from its line/filter dynamics as

Liidabei = —Rilabei + Vabei — Vi (D
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where VB, Vabei, and Igpeq are the three-phase ac quantities vectors
of the bus voltage, the output voltage of the ¢th DGU’s VSI (z = 1, 2)
and its corresponding line/filter current, respectively.

For the RC load, the state equations in the abc-frame are

Vs

CB VB - _R7B + Iaber + Tabe2 (2)

Assuming balanced three-phase ac system, the dq0 transformation
is applied to the state equations (1) and (2) in the stationary abc-
frame, to obtain the state equations of the VSI-based microgrid with
two DGUs connected to a common bus, in the dq-frame rotating at
a constant speed w proportional to the microgrid frequency [9]:

Loy = —Rilas + Var — Vag + wLin I (3a)

Liolay = —Rialas + Vs — Vap + wlialgo (3b)
. V.

CpVap = —% +1Inn + Ia2 +wCBVyp (3c)

B

Lpnlg=—Ruly+Vy — Vg —wLlnln (3d)

Liolyr = —Rialyo + Voo — Vyp — wliolao (3e)
. Vi

CpVyp = _RL§+Iq1+Iq2_WCBVdBy (3f)

with Vyg, VyB, Vai, Vgi, Lai, and I,; are the direct and quadrature
components of the bus voltage, the VSI’s output voltage of the ith
DGU (¢ = 1, 2) and the corresponding line/filter current, respectively.

III. DQ CURRENT DROOP CONTROL

To share the total injected active power, Pr, and reactive power,
Qr, between parallel-connected DGUs, one only needs to share the
dq components of the load current. Indeed, let y; be the share of the
first DGU and 2 = 1 — ~y; the share of the second DGU such that

lgi = vilaB (4a)
Iqi = ’YinB- (4b)
The active power supplied by the ith DGU is
P, = Viplai+ Vyply ®)]
= vi(Vaplas + VgBIgB)
= ’YiPT-
Likewise, the reactive power supplied by the ith DGU is
Qi = Veplai— Vaply (6)

= 7Qr.

The three-phase ac side of the system can be seen as two equivalent
dc systems as shown in Fig. 1. Although the two systems are cross-
coupled, the dc droop control can still be applied to the d and g-axis
circuits, separately. The droop control in dc systems is realized by
simply implementing a virtual resistive impedance to share the load
current according to the droop settings [10]. From a control point
of view, this is equivalent to using a proportional controller that sets
the current references proportionally to the error between the bus
voltage and the droop voltage setting. However, the intrinsic steady-
state error of proportional controllers translates to a voltage deviation
that makes the bus voltage magnitude load-dependent. To cope with
this issue, this paper modifies the dc droop control by adding a virtual
inductance, parallel to the virtual resistance, which introduces an
integral term to cancel the steady-state error and regulate the voltage
magnitude at its nominal value.

Fig. 2 shows the equivalent terminal characteristics of the ith DGU
with droop control in dg-frame. The dq-components of the reference

for the current injected by the ith DGU (¢ = 1, 2) into the bus are
set by the droop controller as

« _ Vpa—Vap I(Vds — Vap)dt
Iy = Roa o (7a)
- Vo — Vyp)dt
I = Yoo —Vor | JVas _qB) (7b)
RD,Z LD,z

where Rp ; is the droop virtual resistance, Lp ; is the droop virtual
inductance, Vpg and Vp, are the droop voltage settings in dq
coordinates, and VdB, Vq B, fd B and fq B are the dg-components of
the nominal bus voltage and the nominal load current, respectively.

A. Droop stability analysis

Assuming that the DGUs can track the current set points dictated
by the droop controller through the fast inner current loop, the
dynamics of the line/filters’ current error can be neglected, and the
injected bus currents in (3a) and (3b) are substituted by the right-hand
sides of (7) giving

OpVap = 028y Voa = Vap \ JWap = Vap)dt |y g
Rp Rp Lp
. % Vpg — V. Vo — Vyp)dt
CpVap = == + 1 —12 + L - D CuVas G
where 1/Rp = (1/Rp,1 + 1/Rp32) and 1/Lp = (1/Lp1 +
1/Lp2).
Let eq and e, be the dq bus voltage errors defined by
ea = Vap — Vas (9a)
eq =Vyn — Vyp. (9b)

From (8) and (9), the state space equation of the system with droop
control is

with @ = [eq, eq, [eadt, feth]T is the state vector. The
matrices in (10) are given by

Cg 0 0 0
0 Cg 0 0
Ei=|o o L9 (11)
Lp )
0 0 0 o
-1 -1 —1
— == c — 0
Rp + Rp lw B 1 Lp "
e A et S
A; = 1 Rp  Rp Lp (12)
. 0 0 0
b 1
0 — 0 0
Lp

The stability analysis is performed using the Lyapunov second
method by choosing the Lyapunov function candidate as the Hamil-
tonian H,; of the system with droop control [11]:

Hi(x) = %wTEia:>0. (13)

H; is positive definite and qualifies as a Lyapunov function. The
time derivative of the Hamiltonian is

Hi(x) = «"Eid

T
= x A;x

G N R
= —(RB—FRD)(ed—Feq)SO.

(14)
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It should be mentioned that A; is the sum of a diagonal matrix
and a skew-symmetric matrix with the cross-coupling terms in the
off-diagonal entries. Consequently, these cross-coupling terms have
canceled each other out in (14).

A sufficient condition for asymptotic stability is H; () < 0, for all
x # 0. However, the time derivative of the Hamiltonian is negative
semidefinite since it does not depend on the integrators’ dynamics.
Indeed, H;(z) = 0 for eq = e, = 0, irrespective to the values of
J eadt and [ eqdt. Hence, to prove asymptotic stability, the higher
order derivatives of the Hamiltonian are investigated [12].

Let Q be a non-empty set such that & € € implies H(x) = 0.
According to (14), Q = {z|eq = e, = 0}.

Then, the first order time derivate of the Hamiltonian

Hi(x) = 0 VeeQ. (15)
The second order time derivate of the Hamiltonian is
Hi(z) = 22" Asa (16)

o2 (1 N[, 1
~ Cs \Rp Rp R  Rp

—|—i (ed/eddt+eq/eth):|
o2 (1 1
~ Cs \Rs Rp

—i—LlD(ed/eddt—Feq/eth)]

= 0 Veel.

) (2 +¢3)

— Hi(x)

an

The third order time derivative of the Hamiltonian is
2 1 1 .. 1 5
CiB <R73+R7D) —Hz(w)-i-E(ed
+e§ + éd/eddt + éq4 /eth)
o2 (v 1y 1 [
= Cp \Rs  Rp CpLp | *
+e2 — i+i e/edtJre /edt
q Ry Rp d d q q
+wCB (eq/eddtfed/eth)
1 2 2
_7< (/eddt> + </eth) )H (1)
Lp

then, for €

7'11‘(33) =

— Hi(x) +

2 1 1 ?
Hz(m) = _7(CBLD)2 (FB + RiD) (/ 6ddt>
2
+ (/ eth) (19)
Hence,
Hi(x) < 0 VYeeQ. (20)

The order of the first non-zero time derivative of the Hamiltonian
H; is an odd number. Therefore, according to [12, Theorem 8.5 on
p- 363], the system with droop control is asymptotically stable.

Vap Vgp
VSI 1 wlinlq
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Ly Rn
+ v I : o o
dl
Vel = Ter wLnln Lu Ru <
! - ) fu-< —Y M
Vo
<
,,,,,,,,,, VSL2 | elele p, g,
T
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Fig. 1. Two DGUs and RC load connected to a common bus in dq-frame.

B. Droop control settings

To guarantee precise sharing of the load current/power between the
DGUs, the droop virtual resistances and inductances should verify

v1Rp1="2Rp2
YiLp1 =72Lp.

(21a)
(21b)

These droop resistances and inductances should be tunned carefully
since they also affect the injected current/power transient.

The droop voltage settings, Vpq and Vp,, are chosen to maintain
the desired nominal bus voltage values. According to (3), in nominal
steady-state, the dq components of the nominal load current are

. . . v .

Iip = Ia1 + la2 = % —wCBVyB (22a)
B

e .

IqB = lq1 + Iq2 = FB + wCBVap. (22b)

Hence, the dq components of the load current in (4) can by replaced
by the right-hand sides of (22), while the left-hand sides of (4) are
replaced by the right-hand sides of (7) after substituting the dq-
components of the bus voltage by their nominal values:

Vpa — Vas Vs -
ZDd = ¥dB o 248 2
RD,Z‘ Y <RB UJCBVqB> ( 33)
Vbg — AqB VqB -
— ., [ Var : 23b
Ro 5 R + wCBVyip (23b)
Then, the droop voltage settings are
iRpi\ « ~
Vba = (1 + ’YTD> Vi —viRp,:wCBVyB (24a)
B
iRp,i\ -
Vpg = (1 + ’YRD’ ) Ve +viRp,iwCBVyB. (24b)
B

IV. SIMULATION RESULTS

The system of Fig. 1 was modeled and simulated in Wolfram
SystemModeler using the Modelica modeling language [13]. The two
VSIs are operated at a 60 Hz fixed frequency, and the shares of the
DGUs are set such that y; = 0.6 and y2 = 0.4. The system is allowed
to reach a steady-state before stepping down the load resistance Rp
and the load capacitance Cp to 10 Q and 50 uF, respectively, at
t =0.08 s.

Fig. 3 shows that, under nominal conditions, the amplitude of three-
phase bus voltage is regulated at the 200 V nominal value. After
the load change, the bus voltage exhibits a small and brief transient
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Vds ‘/qs

ith DGU with Droop

Fig. 2. Equivalent characteristics of a DGU with droop control in dg-frame.

response before it returns to its nominal value. This transient response
can be clearly seen for the direct and quadrature components of the
bus voltage. Hence, it can be concluded that the proposed droop
control method can maintain stable operation of the microgrid without
voltage deviation after the load change.

From Fig. 4, it can be seen that the nominal active power absorbed
by the RC load is Pr = 3 kW while the active power injected
by DGU 1 and DGU 2 are P, = 1.8 kW = 0.6 x Pr and
P, = 1.2 kW = 0.4 x Pr, respectively. Furthermore, the two
DGUs respond to the load step change by proportionally increasing
their injected power to P; = 3.6 kW and P, = 2.4 kW which
represents, respectively, 60% and 40% of the new total load P, = 6
kW. These results reveal that the proposed droop control is able to
accurately share active power between the three DGUs according
to the predefined proportions. Fig. 4 also shows that the proposed
droop control was able to proportionally share the reactive power, as
well, between the DGUs. The first DGU supplies 60% of the total
reactive power absorbed by the loads (Qr ~ —2.25 kVar), whereas
the second DGU provides the remaining 40%. Moreover, the DGUs
respond to the load step changes by adjusting the DGUs’ supplied
reactive power proportionally.

V. CONCLUSION

This paper presented a decentralized droop method that shares the
active and reactive power demand between parallel-connected DGUs
and regulates the bus voltage using only local measurements without
further communication infrastructure. It is shown that the d and g-axis
equivalent systems can be controlled independently to droop the d and
g-axis components of the current proportionally to the d and g-axis
bus voltages, respectively. Simulation results demonstrate the ability
of the proposed droop method to proportionally adjust the DGUs
injected powers following a load change and to maintain the load
voltage regulated at the nominal value. Furthermore, the proposed
droop method was able to operate without frequency change which
makes it suitable for fixed-frequency VSI-based ac microgrids.
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