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Abstract – Microgrids are a new concept for future energy dis-

tribution systems that enable renewable energy integration and 
improved energy management capability. Microgrids consist of 
multiple distributed generators (DGs) that are usually integrated 
via power-electronic inverters. In order to enhance power quality 
and power distribution reliability, microgrids need to operate in 
both grid-connected and island modes. Consequently, microgrids 
can suffer performance degradation as the operating conditions 
vary due to abrupt mode changes and variations in bus voltages 
and system frequency. This paper presents controller design and 
optimization methods to stably coordinate multiple inverter-
interfaced distributed generators and to robustly control indi-
vidual interface-inverters against voltage and frequency distur-
bances. Droop control concepts are used as system-level multiple 
DG coordination controllers and L1 control theory is applied to 
device-level inverter controllers. Optimal control parameters are 
obtained by Particle Swarm Optimization algorithms and the 
control performance is verified via simulation studies.  
 

Index Terms – Microgrid, distributed generator (DG), droop 
controller, optimal control, L1 theory, particle swarm optimiza-
tion (PSO), control parameter tuning 

 

I.  INTRODUCTION 

ECENTLY, due to the development of power electronics 
and information technology, the performance and effi-

ciency of distributed generators (DGs) has been significantly 
improved. Inverter-interfaced DGs can be flexibly deployed in 
power systems in order to mitigate peak loads and improve 
power quality and reliability. Microgrids constitute an ad-
vanced concept for application of DGs and enable integration 
of multiple DGs and autonomous islanding operation accord-
ing to power system conditions [1-6]. Microgrids are designed 
as autonomous cells in power systems, which might include 
sensitive loads and multiple distributed generators (DGs) [1]. 
These features can bring lots of flexibility to power distribu-
tion control but also pose complex control problems.  
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Normally, microgrids operate in parallel to the grids be-
cause the grids can support the system frequency and bus 
voltages by covering the power mismatch immediately. When 
a fault occurs someplace in the grids, microgrids need to oper-
ate independently from the grid to supply uninterrupted power 
to the loads. The control method presented in this paper is to 
improve the controlled performance of microgrids by coordi-
nating the output powers of multiple DGs in microgrids for 
the two considerations of operation (i.e., integration of mul-
tiple DGs and autonomous island operation) and by optimiz-
ing the control parameters. To this end, this paper applies 
droop controllers that can automatically assign the amount of 
power sharing for load changes without communication [7-
10].  

In the island mode, the bus voltages and the system fre-
quency may vary with certain amount of uncertainties because 
the droop controllers adjust them to cover up instant power 
mismatch. This paper also focuses on controller design for 
individual power inverters that accommodates variations in 
the bus voltages and the system frequency. Many design theo-
ries have been developed for optimal disturbance rejection, 
most notably, H2 and H∞ control [11-16]. H2 control considers 
white noise disturbances and H∞ control considers energy-
bounded L2 disturbances [11]. In contrast, L1 theory considers 
persistent bounded uncertain disturbances (L∞ disturbances) 
[13-16]. Since the disturbances in the voltage and system 
frequency are persistent due to continual power mismatch in 
microgrids, especially during island mode, L1 theory is the 
most relevant in capturing the features of the disturbances and 
is used in this research. 

This paper proposes novel controller optimization algo-
rithms for the droop controllers and inverter output controllers 
for inverter-interfaced DGs using Particle Swarm Optimiza-
tion (PSO). Since the PSO is a derivative-free and population-
based stochastic search algorithm, it has outstanding ability to 
escape local minima and less sensitivity to the complexity of 
the system [17]. PSO algorithms are used in the inverter out-
put controllers associated with L1 theory and the droop con-
trollers with a time-weighted error-integrating cost function. 
Control performance, power quality, and robustness are con-
sidered during controller optimization processes. 
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II.  MICROGRID CONTROL 

A.  Problem Statement 

This paper focuses on how to design microgrid controllers 
and to determine the control parameters for the droop control-
lers (system-level) and inverter output controllers (device-
level). The most critical problem for control parameter opti-
mization is the complexity of overall systems due to the high 
state dimensions and nonlinearity of microgrids. Common 
approaches are based on small-signal linearization but small-
signal models intrinsically depend on specific operating 
points.  

In our previous research [17], Particle Swarm Optimization 
(PSO) algorithm was applied directly to a power-electronic-
switch-level microgrid simulation model instead of small-
signal models. Optimization was performed at various operat-
ing conditions to accommodate the system nonlinearity and 
yielded good performance. However, since the control para-
meters were optimized all together regardless of levels or 
types of controllers, it is hard to analyze the effects of individ-
ual control parameters on overall performances. In this paper, 
we propose to modularize controller design processes and 
optimize parameters step-by-step to evaluate the optimization 
performance.  

Reference [4] showed that there are three control modes in 
microgrid control: high, medium, and low frequency modes. 
According to sensitivity analysis [10], the sensitivity of a 
certain parameter to a specific mode, defined in the Appendix, 
is especially large whereas the sensitivities to other modes are 
negligible. For example, the high-frequency modes are corre-
lated to the DG output circuits such as inverter output filters. 
Medium frequency modes are associated with the inverter 
output voltage and current controllers. The droop controllers 
are linked to low-frequency modes so that they have a signifi-
cant effect on system stability [18]. This fact supports our 
objective to independently tune the parameters of each con-
troller. Therefore, this paper proposes two controller optimiza-
tion methods for microgrid DG controllers: the first optimiza-
tion objective is to make the individual inverter output con-
troller robust with respect to changes in the operating condi-
tions. Second, the droop control parameter optimization is to 
enhance system-wide stable operation. 

 

B.  Microgrid System Model and Control Concept 

Fig. 1 presents a schematic of a microgrid that includes 
multiple inverter-interfaced DGs. The microgrid is connected 
to the grid through an inter-tie breaker. During normal opera-
tion, the microgrid becomes a part of a distribution system. 
Then, the grid can maintain the voltage of the point of com-
mon coupling and the system frequency. When a fault occurs 
in the grid, the microgrid operates in the island mode by dis-
connecting the inter-tie breaker, thereby increasing the relia-
bility of the microgrid [19]. In the island mode, DGs are re-
quired to share the power mismatch instantly in order to fol-
low load demands and also to maintain power quality. 

As shown in Fig. 1, the DG controllers are composed of 
two controllers: DG coordination controllers and inverter 
output controllers. The coordination controllers need to calcu-
late the output power references whereas the inverter control-
lers should control the inverter output voltages.  

According to previous studies [3-9], droop controllers have 
turned out the most effective method to coordinate power 
generation between multiple DGs because they can imme-
diately adjust power outputs to stabilize the system and also 
do not need instant communication between units. The speed- 
and voltage-droop controllers are applied for real and reactive 
power sharing as shown in Fig. 1(a) and Fig. 1(b). The droop 
controllers can be expressed as 

( ) /*
i iR  oi o loadrefP  = P f f f         (1) 

( ) /  *
i oi oi loadref i iQ = Q V V V M        (2) 

where i is the DG index; Ri and Mi are droop parameters; Pi, 
Qi, Vi, and f are locally measured real and reactive power, bus 
root-mean-square voltage, and the system frequency, respec-
tively; the subscript o represents the preset values of normal 
operating points. In most cases, fo and Vo are the nominal val-
ues. Different settings of the droop constants can assign dif-
ferent amounts of power sharing between DGs.  

Since the droop controller changes system frequency or bus 
voltages to damp the power mismatches, the bus voltage and 
frequency variation can occur especially in the island mode. 
To maintain the voltages and frequency close to the nominal 
values, the load reference signals are periodically sent by the 

 
Fig. 1  Concept of multiple DG coordination control using droop controllers in a microgrid 
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microgrid management system with certain time delay. floadref 
and Vloadref are the load reference signals of frequency and vol-
tage, respectively. 

The droop controller of inverters imitates the control of 
synchronous generators. Therefore, the mechanism of load 
frequency control of the microgrid is the same as the power 
grid. The PLL circuits of power inverters can eliminate fast 
frequency deviation in the DG output power by employing 
relevant low pass filters. The system frequency can be main-
tained in case the power mismatch can be recovered imme-
diately. Hence, enough power reserve or energy storage is 
required to maintain system stability. In this paper, it is as-
sumed that the DGs are designed to have enough power rat-
ings to cover load variation in the microgrid. 

Fig. 2 shows the control block diagram of inverter-
interfaced DGs in the d-q rotating reference frame. Since the 
d-q transformation decouples real and reactive powers, the d- 
and q-axis inverter output current references can be obtained 
from real and reactive power references, respectively. Details 
of the d-q transformation and its sign convention are ex-
plained in the Appendix. 

The droop controllers generate the real and reactive power 
references according to the droop characteristics of (1) and 
(2). The inverter output controllers generate the inverter vol-
tage references with PI controllers. In this paper, three-level 
PWM inverters, which contain less harmonic components, are 
used. The equations of the inverter output controller are  

 d d * d
inv inv

d
= i i

dt
               (3) 

 q q * q
inv inv

d
= i i

dt
               (4) 

        d * d * d d q d
inv p1 inv inv i1 inv inv busv K i - i K X i v   (5) 

       q * q * q q d
inv p2 inv inv i2 inv invv = K i i K X i     (6) 

C.  Mathematical Model for Inverter Controller Tuning 

The inverter output controller is a device-level controller 
whose performance is affected by the inverter output circuits 
and the bus voltages and system frequency. The bus voltage 
characteristics depend on the interaction between the corres-
ponding DG and the rest of the system. The optimization 
objective is to make the inverter output controller robust with 
respect to disturbances such as variations in bus voltages and 
frequency. 

The microgrid system shown in Fig. 1 can be simplified 
from the perspective of DG1 as shown in Fig. 3. The mathe-
matical equation of the microgrid power circuit can be ob-
tained from Fig. 3 (b) as  

 1
     d d q d dinv

inv inv S inv inv bus
inv inv

Rd
i i w i v v

dt L L
   (7) 

 1
    q q d q qinv

inv inv S inv inv bus
inv inv

Rd
i i w i v - v

dt L L
    (8) 

 1
     sysd d q d d

sys sys S sys sys bus
sys sys

Rd
i i w i v v

dt L L
   (9) 

 1
     sysq q d q q

sys sys S sys sys bus
sys sys

Rd
i i w i v v

dt L L
   (10) 

1
  d d q

L bus S L
load

d
i v w i

dt L
            (11) 

1
  q q d

L bus S L
load

d
i v w i

dt L
            (12) 

     d d d d
bus load inv load sys load Lv R i R i R i        (13) 

     q q q q
bus load inv load sys load Lv R i R i R i        (14) 

Since the PWM inverter circuit and output filter have faster 
characteristics than the inverter output controller, it is reason-
able to assume that the inverter actual output voltage can 
follow the inverter voltage references fast enough. Then, the 
small-signal closed-loop model can be obtained as Fig. 4 
where x, xc, u, w, m, and y represent the vectors of the plant 
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Fig. 2  Control block diagram for inverter-interfaced DGs (all variables are represented in per unit) 
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Fig. 3  Microgrid equivalent circuit model 
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states, controller states, control inputs, disturbance inputs, 
measured outputs, and performance variables, respectively. 
The small-signal state-space equations of microgrid circuits 
can be obtained from (7) through (14) as  

  ( )
( ) ( )

( )
     

 u w

u t
x t A x t B B

w t
        (15) 

( ) ( )
( )

( ) ( )

                  

mwm

y yu yw

0 DCm t u t
x t

Cy t w tD D
    (16) 

The small-signal state-space model of the controller also can 
be obtained from (3) through (6) as   

  ( )
( ) ( )

( )
     

c c c cw cm

w t
x t A x t B B

m t
       (17) 

  ( )
( ) ( )

( )
     

c c cw cm

w t
u t C x t D D

m t
       (18) 

Then, the closed-loop small-signal state-space model can be 
derived from (15) through (18) as 

( ) ( ) ( ), (0) 0    cl clx t A x t B w t x       (19) 

( ) ( ) ( ) cl cly t C x t D w t            (20) 

where  ( ) ( ) ( )
T

cx t = x t x t  denotes the closed-loop state and  

 
  
 

u cm m u c
cl

cm m c

A B D C B C
A

B C A
,  

  
 

w u cw
cl

cw

B B D
B

B
, 

   cl y yu cm m yu cC C D D C D C ,  cl yu cw ywD D D D .  

Fig. 5 illustrates the closed-loop pole loci when the inverter 
output control parameters change. According to the participa-
tion factors, it is found that Mode 3 and 4 are sensitive to the 

inverter control parameter changes, whereas Modes 1 and 2 
are tightly related to the power system parameters such as 
system resistance and inductance. Therefore, to achieve high 
control performance, the location of the eigenvalues of Mode 
3 and 4 should be carefully located. Detailed controller design 
procedure will be presented in the next section.  

III.  OPTIMIZATION ALGORITHM 

A.  Particle Swarm Optimization (PSO) 

PSO is a population-based intelligent searching algorithm. 
It has excellent performance for searching the global optimum 
because it can diversify the swarm with a stochastic velocity 
term. PSO resembles the social behavior of birds or bees when 
they find food together in a field [21-23]. The performance of 
this evolutionary algorithm is based on the intelligent move-
ment of each particle and collaboration of the swarm. In the 
standard version of PSO, each particle starts from a random 
location and searches the space with its own best knowledge 
and the swarm’s best experience. The search rule can be ex-
pressed by simple equations with respect to the position vector 
Xi=[xi1,…, xin] and the velocity vector Vi=[vi1,…, vin] in the 
n-dimensional search space as  

( ) ( )     k+1 k k k k k
i i 1 1 i i 2 2 ipb gbrd rdV wV c X - X c X X  (21) 

 k+1 k k+1
i i iX X V                (22) 
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 Fig. 5 Closed-loop eigenvalue analysis 
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Fig. 4   Closed loop control block diagram 
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( ) 
  max min

max

k w w
w w

N
           (23) 

where, i, k and N are the particle, the iteration index and the 
number of total iterations, respectively; Vi

k and Xi
k are the 

velocity and position vectors of particle i at iteration k, respec-
tively; w is the inertia weight; c1 and c2 are two positive con-
stants normally set to 2.0; rd1 and rd2 are random numbers in 
[0,1]; Xpbi

k and Xgb
k are the best positions that particle i has 

achieved so far based on its own experience and the swarm’s 
best experience, respectively.  

Boundaries of search space represent certain physical limi-
tations and restrictions on the parameters. According to pre-
vious research, it is difficult to find optimal solutions located 
near the boundaries. To solve this problem, the damped re-
flecting boundary method [22], which is more robust and 
consistent in finding a solution near the boundaries, is used in 
this paper. The idea is that when the jth element of the ith par-
ticle (xij

k+1) crosses the boundary (xj
lim), the position vector and 

velocity vector are changed to 



   
   

 

 

k+1 k lim k
i i(j -1) j i(j+1)

k+1 k k k
i i(j -1) ij i(j+1)rd

X , x , x , x ,

V , v , - v , v ,
       (24) 

where, rd is a random number in [0,1]. 
 

B.  Inverter Output Controller Optimization 

This paper applies L1 theory to design robust inverter out-
put controllers. The L1 theory is more appropriate in situations 
involving persistent, unknown but bounded exogenous distur-
bances compared to other robust control theories such as H2 
and H∞ theories. Using the L1 theory, the inverter output con-
troller can be designed to have effective disturbance rejection 
in the presence of voltage and frequency variations in the 
microgrids. 

The inverter output controller design criteria are as follows: 

i) The undisturbed closed-loop system (19) and (20) 
should be asymptotically stable. (Stability criterion) 

ii) The inverter control bandwidth should be large enough 
to follow fast changes in output power references. 
(Controller criterion) 

iii) The L∞ norm of the performance variable y(t) in (20) 
should be minimized against persistent, bounded dis-
turbances w(t). (Performance criterion) 

The first criterion means the closed-loop system matrix Acl 
must be Hurwitz, which means all the closed-loop poles are 
located in the LHP. The second criterion is related to the loca-
tion of the eigenvalues of the closed-loop system in s-plane. 
The third criterion can be achieved by minimizing L1 norm of 
the convolution operator as 

,

1
( )

,2

sup
L

 

 



w

y
G

w
             (25) 

where the definitions of two ∞-norms are explained in the 

Appendix. The L1 norm of (25) can capture the worst-case 
peak amplitude response of y(t), which represents control 
errors as shown in Fig. 4, due to persistent disturbances w(t) in 
bus voltages and the system frequency.  

If the first criterion is satisfied, ║G║1 is bounded, which 
means the closed-loop system (19) and (20) is bounded input 
bounded output stable. Therefore, the meaning of the minimi-
zation of (25) can be equivalent to minimizing the effects of 
the voltage and frequency disturbances to the current control 
performance of the inverter. 

The L1 optimal control problem was formulated by M. Vi-
dyasagar but the optimal L1 controllers are irrational and 
hence impractical [13-14]. To resolve the problem, this paper 
applies a new method to minimize an upper bound on the L1 
norm, which is proposed by V. Chellaboina et al [15].  

Assume that there exists a positive-definite matrix Q satis-
fying an algebraic Lyapunov equation such as 




   T T
cl cl cl cl

1
0 A Q QA Q B B        (26) 

where α > 0. Then, Acl is Hurwitz and the L1 norm of the 
convolution operator G satisfies the bound 

       2 T T
max cl cl max cl cl1

G C QC D D      (27) 

The proof of (27) can be found in [15] and is summarized in 
the Appendix. Since the algebraic Lyapunov equation of (26) 
has a positive-definite solution of Q if and only if Acl+(α/2)In 
is Hurwitz where In is an identity matrix, the positive number 
α should satisfy 

  2 ( ) R cl0 < < - A               (28) 

where ( )αR clA  denotes the spectral abscissa of Acl. Then, the 
tightest upper bound for the L1 norm of the convolution opera-
tor G can be obtained as 

     2

1
2 

  
R cl

T T
max cl cl max cl cl

0< < - (A )
G inf C QC D D  (29) 

The control parameters (Kp and Ki) and the positive number 
α should be chosen to optimize the right hand side of (29), 
which defines an upper bound on the L1 norm. Some refer-
ences proposed a gradient-based optimization which requires 
a differentiable cost function [14-15]. Since the right hand 
side of (29) is not differentiable, reference [15] tried to find 
another upper bound of the upper bound of L1 norm using 
matrix trace functions. However, the problems of their me-
thods are that the solving process is complex and the methods 
result in a more conservative upper bound of ║G║1. 

To optimize the upper bound inherent in (29) this paper 
proposes a new double-layer PSO algorithm. Since the PSO 
algorithm is based on population-based intelligent optimiza-
tion, we do not need to use a trace function for optimization. 
To meet the three design criteria for inverter output controller, 
the penalty function and cost functions are proposed as  

3

1
i

i

J f


                   (30) 
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where 

1

0

10, 000

,

,

if is Hurwitz
f

otherwise


 


clA          (31) 

1

2 ( )Cf Real                  (32) 

    1 2

3
2

f   
R cl

T T
max cl cl max cl cl

0<a< - a (A )
inf C QC D D   (33) 

and λC is the dominant eigenvalue of Mode 3 and 4 of the 
closed-loop system. The penalty function f1 penalizes for 
unstable cases. The cost function f2 is for enough controller 
bandwidth. The cost function f3 is for controller robustness by 
obtaining the tightest bound of the L1 norm of G.  

Fig. 6 shows the overall optimization process of the double-
layer PSO algorithm. Note that there are two optimization 
loops using PSO algorithms. The outer PSO loop (PSO1) is to 
find the control parameters such as [Kp, Ki] whereas the inner 
PSO loop (PSO2) is to find the tightest bound of the cost 
function depending on [α] for the set of Kp and Ki given by 
PSO1. The cost function (30) is evaluated in three operating 
conditions.  

 

C.  Droop Controller Optimization 

Whereas the design criteria of the inverter output control-
ler are stability and robustness of each individual inverter, the 
criteria of droop control optimization are the system-wide 
stability and power quality. Specifically, the following criteria 
need to be satisfied: 

i) The overall microgrid should stably and efficiently 
control DG output power according to the power ref-
erence or load demands.  

ii) The voltages and frequency of the microgrid should be 

securely maintained near nominal values (13.8kV and 
60Hz). 

The linearization of the complete microgrid system for 
droop controller optimization may result in severe discrepan-
cies with the actual nonlinear microgrid system. Therefore, in 
this paper, a power-electronic-switch-level simulation model 
using PSCAD/EMTDC, which is a professional electromag-
netic transient power system simulation tool, is used for opti-
mization instead of a small-signal model.  

The controller optimization can be done by minimizing an 
error-integrating cost function, which can yield a stable sys-
tem with small steady-state errors. There are four types of 
error-minimizing cost functions such as IAE (integrated abso-
lute error), ISE (integrated squared error), ITAE (integrated 
time-weighted absolute error), and ITSE (integrated time-
weighted squared error). According to a previous study [24], 
the ITAE yields the best performance for the objectives.  

To satisfy the first criterion under various operation condi-
tions, three conditions are considered: 1) the grid-connected 
mode (J1), 2) the transition period between the grid-connected 
and the island mode (J2), and 3) the island mode (J3). Then 
the cost function can be designed as 

3 3

1 1

( ) ( )
  

 
     

  
  

i
f

i
o

K
i i

i o
i i k K

J J k K W E k     (34) 

where, i and k are the control performance index and the sam-
pled simulation time, respectively; Ko

i and Ko
f are the starting 

and ending time for calculating each control performance 
index; W is a weighting matrix, Ei(k) is the absolute error 
matrix defined as  

T
( ) ( ), ( ), ( ), ( )      

i i i i iE k P k Q k V k freq k   (35) 

The first and second element, ΔPi(k) and ΔQi(k), represent 
the error between the real and reactive power references and 
measurements. The third and fourth elements, ΔVi(k) and 
Δfreqi(k), mean the voltage and frequency deviation from the 
nominal values (1.0 p.u.). The weighting matrix is set to [1.0, 
1.0, 0.5, 0.5]. The particles are composed of the droop coeffi-
cients such as [Ro, Mo]. Then, the actual droop control parame-
ters can be obtained as 

 Fig. 7 Droop controller optimization using PSCAD/EMTDC Multirun 
simulation sequences 

 
Fig. 6  Parameter tuning process using double-layer PSO 
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, i o i i o iR = R r M = M m            (36) 

where ri and mi are constants. In this paper, ri are arbitrarily set 
to 0.05, and 0.07; all mi are set to 0.05. These values mean the 
inverse of the power sharing ratio between DGs such as 1/5: 
1/7 for real power and 1:1 for reactive power. 

Fig. 7 illustrates the droop controller optimization process 
through the PSCAD/EMTDC multirun function. Each simula-
tion contains three control performance evaluations as ex-
plained in (34). For facilitating simulation speed, the data 
during the initialization period (between 0.0 to 0.2 seconds) 
are stored to a “snapshot” file. Then, all the simulation can 
start from the recorded settings and data. Control parameters 
are updated every 0.2 seconds. After each simulation, the 
obtained cost is compared to the previous best values. The 
authors used the Multirun function from the PSCAD library to 
rerun the simulation multiple times. The PSO algorithm is 
implemented in the ANSI C-code functions and integrated 
with PSCAD simulations.  

IV.  CASE STUDIES 

The microgrid system model shown in Fig. 1 has been im-
plemented using PSCAD/EMTDC. The model contains two 
inverter-interfaced DGs with three-level PWM voltage source 
inverters. The DGs are coordinated via droop controllers and a 
supervisory centralized controller. Hence, the adjustments in 
voltages and system frequency are restored close to nominal 
values by the load reference signals sent by the supervisory 
controller.  

As explained in section III, the microgrid DG controllers 
are optimized in two steps. First, the inverter output controller 
is optimized. The small-signal model of the inverter and the 
rest circuits described as (19) and (20) can be obtained from 
the operating condition data listed in Table I, which shows the 
microgrid system parameters of three different operating con-
ditions such as a grid-connected case and two different load-
ing cases of island modes. Then, the cost function of (30) is 
minimized considering individual inverter stability and ro-
bustness. 

Fig. 8 shows the optimization procedure of the inverter out-
put controller. Identical PI controllers are used as the d- and q-
axis current controllers. The particles for PSO1 and PSO2 are 
defined as [Kp, Ki] and [α]. The population sizes and the total 
iteration number are set to 10 and 200 for PSO1 and 5 and 100 
for PSO2, respectively. As a result, the optimal control para-
meters are [Kp, Ki] = [15.11, 100.00]. 

The second process is to optimize the droop controller con-
sidering the power sharing performance and stable operation 
of the overall microgrid system by minimizing the cost func-
tion of (34). During this optimization process, the parameters 
of the individual inverter output controllers are set to the op-
timization result of inverter output controllers. Both grid-
connected and island modes as well as transients during mode 
transition periods and abrupt load changes are considered in 
time-domain simulations. The obtained optimal droop control 
parameters are [Ro, Mo] = [0.683, 15.582]. 

To gain good performance for different operating condi-

tions, two solutions can be adopted. One solution is to change 
control gains (control parameters) dynamically and the other 
is to tune the gains so that the controller is robust for operat-
ing condition changes. Limited by control structure, the PI 
based controls’ adaptability is limited. This paper adopts the 
second method, which is to find a good set of control parame-
ters robustly tuned for different operating conditions.  

Figs. 9 to 12 show the simulation verification of the micro-
grid operation with the optimal control parameters. The simu-
lation sequence is as follows: 

 0.0 to 0.3 sec (simulation initialization period): Load1 
and Load2 are set to 2.0 MW and 1.0 MVar each (4.0 
MW and 2.0 MVar in total). The outputs of the DGs are 
set to zero. 

 0.3 sec: The power inverters of DG1 and DG2 start ge-
nerating real and reactive power as much as 1.5 MW 
and 1.0 MVar each. (Grid-connected mode) 

 0.6 sec: The inter-tie breaker disconnects the microgrid 
from the grid so that the microgrid switches to the isl-
and mode. (Island mode) 

 0.9 sec: The load reference signals are sent to the droop 
controllers of DGs to restore nominal voltage and fre-

TABLE 1  MICROGRID PARAMETERS IN PER UNIT 

 
Grid-connected 

mode 
Island mode #1 Island mode #2 

PDG1, QDG1 0.75, 0.50 1.00,  0.50 0.50,  0.25 
PDG2, QDG2 0.75, 0.50  1.00,  0.50 0.50,  0.25 
Pload1, Qload1 1.00, 0.50 1.00,  0.50 1.00,  0.50 
Pload2, Qload2 1.00, 0.50 1.00,  0.50 0.00,  0.00 
Pgrid, Qgrid 0.50, 0.00 0.00,  0.00 0.00,  0.00 

Rsys 0.0046 0.0071 0.0071 
Lsys 0.0100 0.0052 0.0052 
Rload 0.6913 0.4009 0.8019 
Lload 0.2788 0.2020 0.4040 
Rinv 0.0033 0.0033 0.0033 
Linv 0.9008 0.9008 0.9008 

Isys
d
, Isys

q 0.50, 0.00 1.00, -0.50 0.50, -0.25 

Iload
d
, Iload

q 1.25, -0.50 2.00, -1.00 1.00, -0.50 

Iinv
d

, Iinv
q 0.75, -0.50 1.00, -0.50 0.50, -0.25 

(All units are p.u. where Prated = 2MW, Vrated = 13.8kV and Frated = 60Hz.) 
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quency values. 
 1.2 sec: The local loads suddenly decrease. (Load varia-

tion in island mode) 

Fig. 9 shows the bus rms voltage and system frequency 
variation during the simulation. In the grid-connected mode, 
the bus voltage and system frequency are well maintained 
around the nominal values (1.0 p.u. and 60 Hz). However, in 
the island mode, they vary according to the instant power 
mismatch and the droop control characteristics. At 0.9 
seconds, the voltage and frequency are restored close to the 
nominal values by the load reference signals.  

Fig. 10 shows the simulation results of real and reactive 
power. Note that both real and reactive power control perfor-
mance are stable due to optimization using an error-
integrating type cost function. Fig. 11 shows the voltage and 

current waveforms.  
Fig. 12 shows the control performance of the inverter cur-

rent controller. The q-axis current signals are negative due to 
the signal convention of the d-q transformation used in this 
paper as explained in the Appendix. The d-q current reference 
signals are from the droop controllers. Since the bus voltage is 
around 1.0 p.u., the per-unit values of the d- and q-axis cur-
rents are similar to real and reactive power, respectively. 
 

V.  CONCLUSIONS 

In this paper, microgrid DG controllers are designed and 
optimized. Coordination between multiple DGs in a microgrid 
system can be realized by using droop controllers, which can 
automatically find the amount of power sharing so that the 
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microgrid can be stabilized quickly. The droop constants are 
optimized by Particle Swarm Optimization with power-
electronic-switch-level simulations.  

For the inverter output controllers, robust controller design 
scheme has been proposed. To deal with persistent voltage 
and frequency disturbances in a microgrid, L1 robust control 
theory with the double-layer PSO algorithm has been pro-
posed. The double-layer PSO algorithm finds the tightest 
bound of the L1 system operator norm so that the closed-loop 
system is robust to exogenous disturbances such as bus vol-
tage and frequency variations. The system nonlinearity is 
accommodated by considering various power system operat-
ing conditions.  

VI.  APPENDIX 

• D-q transformation 

The transformation from a-b-c reference frame to d-q rotat-
ing reference frame can be obtained as 

dq abc
1X = C X                (A1) 

where 
2 2
3 3

2 2
3 3

2

3

 

 

  
  

 
  
 

1

cos( ) cos( - ) cos( + )
C =

-sin( ) -sin( - ) -sin( + )
.  

Then, the d-axis phasor in the d-q reference frame is 
aligned to the rotating phase-a phasor of the a-b-c reference 
frame and the q-axis phasor leads π/2 from the d-axis phasor. 
If the d-axis is aligned to the phase-a voltage phasor, then the 
d-axis current accounts for the real power and the q-axis cur-
rent is the reactive current as 

3 3

2 2
 d d d qP v i , Q - v i            (A2) 

where the sign convention of reactive power is positive for 
inductive reactive power. 

• Sensitivity of control modes to control parameters  

The sensitivity of the control mode whose eigenvalue is λi 
to the control parameter ck can be defined as   




i
ki

k

p =
c

                 (A3) 

• Vector norms 

Two ∞-norms of continuous-time vector  ny(t), w(t) R  are 

defined as 

  
 

,
- < t<

y = sup y(t)              (A4) 


 

,2 2
- < t<

w = sup w(t)              (A5) 

The finite norm value means that the vector variables are 
bounded. Then, we can also write 

  ,y L  and 
 ,2w L , re-

spectively. Although the two definitions of ∞-norms look 
different, they define the same kind of sets. The reason of 
using two different forms of norms is for mathematical con-
venience to derive the maximum bound [15]. 

• Proof of equation (21), the bound for the L1 norm 

 From (19) and (20), the performance variable vector can be 
presented as  

   cly(t) = G* w (t) D w(t)            (A6)  

where, clA t
cl clG(t) = C e B  and 

 ,2w(t) L . Then, the norm of the 

performance variable vector can be bounded as 

  
     

  cl, , ,
y G* w D w           (A7) 

According to [15], the elements of the right-hand side of 
(A7) are bounded as 

   
 1 2 T

max cl cl, ,2
G* w C QC w         (A8) 

 
   

   

  

   



cl cl cl, ,2 2
- < t< - < t<

1 2 T
cl max cl cl,2 ,2 ,2

D w = sup D w(t) sup D w(t)

= D w = D D w

  (A9) 

Therefore, by applying (A7) and (A8) to (A6), we can get 

     1 2 T 1 2 T
max cl cl max cl cl1

G C QC D D      (A10) 
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