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ABSTRACT This paper presents the design of an extended parameterisations of Ho controller for off grid
operation of a microgrid. The microgrid consists of distributed generation units, filters and local loads.
The filters are used to achieve accurate sinusoidal output voltage. However, loads which are connected to
the microgrid are parametrically uncertain. Hence, it undergoes with unknown loads uncertainties. These
unknown loads may create unknown loads harmonics, non-linearities which may reduce the voltage and
current profile of the microgrid. As a result, the sudden rise and fall of voltage current profile damages
the domestic and commercial loads. The proposed controller provides robust stability against various
unknown loads and uncertainties. The design of the controller is presented using linear matrix inequality
approach and satisfies the Lyapunov stability criterion. Moreover, it provides lower closed-loop Hs, norm
and has better tracking accuracy than other. For justification, several load conditions have been tested in
MATLAB/SimPowerSystem Toolbox to ensure the robust stability of the proposed controller. All the results

presented in the paper indicate high performance of the controller.

INDEX TERMS Microgrid, voltage control, LMI, Hy, controller.

I. INTRODUCTION

The use of continuous power, without depending on the
fuels, gasses and oils, leads people to renewable and dis-
tributed generation (DG) technology. As the insufficiency and
increasing cost of fossil fuel, researchers are more and more
interested on DG units [1]. Microgrid (MG) is defined as
generation of electricity by the facilities that are smaller than
central generating plants and allows interconnection nearly at
any point in the power system [2], [3]. The distributed power
systems are structured by input power sources with different
configurations. Such DG units are wind turbines, combined
heat and power (CHP), photovoltaic systems, and hydroelec-
tric systems. These DG units are connected to the MG via a
voltage source inverter (VSI). To improve the performance at
lower switching frequencies, an output filter is connected in
series with the inverters [4]. Consequently, power obtaining
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through these DGs is difficult to predict which do not coincide
with the power demand. For this problem, energy storage
systems are required to supply continuous power to the local
load.

MGs are integration of various power systems [5] and
are considered as local grid and consist of generators, loads
and energy storage elements. An illustration of a MG is
shown in Fig. 1. The operation of MG follows grid connected
technique and stand-alone method [6]. In grid connected
technique, distributed energy sources (DERs) help the utility
grid on the contrary rest is connected to the MG at the point
of common connection (PCC) [7]. In stand-alone technique,
the MG is disconnected from main grid and can be supplied
uninterruptible power to the load [8]. The disconnection is
occurred because of large disturbances such as: fault, poor
power quality, and voltage deterioration.

In the configuration of grid mode, frequency and voltage of
the system are being determined by transmission grid and MG
can deliver power to the main grid or it can take power from
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FIGURE 1. An illustration of a microgrid system.

main grid [9]. MG can reduce the feeder losses, increases
the energy efficiency, facilitates the uses of renewable energy,
reliability and support local voltage. Islanded MG can be used
in remote places in case of the absence of main grid or for the
complexity of extracting power from main grid [10].

Control strategies of the voltage and frequency depend on
the balance of the active and reactive power. New ideas are
created for the coordinated operation of the distributed energy
resources with the MG concept. According to the Consortium
for Electric Reliability Technology Solutions (CERTS), heat
and power both are provided by MG [6], [11]-[13].

A common phenomenon known as low frequency
inter-area power oscillations is raised between the intercon-
nection of rotating generators or between weak or heavy
load AC inertias. This phenomenon is caused by line fault,
switching of lines or sudden change of generator out-
put. The typical range of this oscillating frequencies lies
in < 2Hz, and creates self-control power transmission capa-
bility. This power oscillation damping increases power trans-
mission capability and hence, the power oscillation damping
is important.

A. LITERATURE REVIEW

Though a DG unit can not generate exactly S0Hz or 60Hz
voltage, it is connected to the main grid with a VSI [14].
So the control of VSI is very important. To obtain the satis-
factory performance for the control of MG voltage, a number
of controllers have been used [12], [13], [17]. The voltage
of the plant can be controlled by applying linear quadratic
regulator (LQR) [15]. It is used to obtain better voltage reg-
ulation and simultaneous load sharing. The performance of a
LQR controller depends on plant transfer function. For a fixed
transfer function, the performance of the controller is very
high. However, a number of disturbances such as nonlinear
load, unknown load, and harmonic load can change the plant
dynamics. Proportional integral derivative (PID) controller
is mostly used in industry applications [15]. The advantages
of this controller are simplicity to design, high bandwidth,
and almost zero error voltage tracking performance [16].
Moreover, this controller can ensure fast response time,
and negligible overshoot. Besides, it is applicable for linear
time-invariant single-input, and single-output system.
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Hysteresis controller is used for current regulation of MG.
It is a current control method which is used to control the VSI.
As a current controller, the grid current follows a reference
current [18]. The advantages of this controller are simplicity,
robustness and good transient response [19]. But the switch-
ing frequency with respect to the load parameters is the main
drawback of the controller [20].

For a high dynamic and first transient response, a deadbeat
controller (DBC) can be used widely in different applica-
tions [21], [22]. It provides a control scheme to maintain the
current in a nominal range. The DBCs are feedback controller
and the gain of the controller is based on the plant system
order. It provides zero steady-state error, minimum rise and
settling time with less then 2% overshoot, and high control
output. The controller is suitable where the plant parameters
are fixed and can provide desired performance using a fixed
model of filter.

A droop control method has been proposed to stabilize the
grid voltage and frequency [15]. The design of the controller
is derived from a simple proportional controller. The con-
troller gain selection depends on power balancing criteria.
It enables the use of more inverters in interconnected mode.
Moreover, active and reactive power balance in power system
can be achieved from this control technique [23]-[26]. For
power sharing, a static droop compensator is already used in
literature [23], [24]. It controls the active and reactive power
on the basis of frequency and voltage droop control methods
respectively.

Predictive controller is designed for controlling the con-
verters with disturbances and periodic reference signal [27],
[28]. This controller can predict and minimize the periodic
error at the beginning of each sample. At all frequencies,
it provides zero steady state error. In most applications, a pre-
dictive controller can ensure robust tracking performance.
However, this controller requires a mathematical approach
and sensitive to parameter change.

Improvement of voltage oscillation, compensation for
unwanted harmonics, tracking of command voltages and
quality control of power profile of MG particularly for
islanded mode operation using modern control techniques
have been the area of continuous research which can be seen
in the references [32]-[34] and so forth. The work presented
in [35], [36] and the works presented in the paper are com-
pletely different in the spectrum of control designs. The aim
of the design of the controller is different in the context of
the paper presented in [35], [36]. The design of the controller
presented in [35] is carried out to track the command voltages
only of single phase islanded MG whereas the controller
presented in [36] is designed to reduce the unwanted voltage
oscillation and harmonics for both single and three phase
MG by damping the resonant modes of the system. However
the design of the controller presented in the current work
is done to compensate for the voltage oscillation, unwanted
harmonics and follow the command voltages simultaneously
for both single and three phase operation of islanded MG.
The modeling of the test system remains same to justify the
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unique performance of the controller designed in the current
work.

B. CONTRIBUTION AND PAPER ORGANIZATION

In a power system, it is desired to have a low order controller
to reduce the complexity of the power system implemen-
tation. It is also important to maintain closed-loop stability
against a number of uncertainties. Due to the uncertainties of
a MG system such as parameter and load variation, the regula-
tion of a three phase voltage/current is more challenging than
controlling of a single phase MG. Moreover, in a three phase
MG, the deviation of voltage/current in one phase affects the
other phases.

In this paper, we present the design of an H, controller
for voltage, current and power stabilization of the islanded
MG. An LMI based framework that shows robustness in a
greater spectrum as compared to the conventional H, design
presented in [29]-[31] has been developed to function the
controller. The novelty and contribution of the current work
in terms of the control perspective is the design of control
framework. The designed framework has been devised by
taking into account to direct multiple control variables e.g.,
voltage, current and power simultaneously. This is important
because design of a controller to manipulate single control
variable may have undesirable consequences on other con-
trol variables of the plant and doing so does not certify the
robustness of the overall closed-loop system.

In terms of power point of view, since the controller
is designed to supervise multiple variables concurrently,
it ensures quality profile of voltages, currents and power all
together using single a controller instead of designing several
controllers which sequentially reduces the complexity of the
overall system in addition.

The remainder of this paper is organised as follows:
Section II represents the modeling of the MG. The control
framework is described in Section III. Section IV provides a
performance evaluation, while Section V concludes the paper.

Il. MODELING OF THE ISLANDED MICROGRID
A. MICROGRID CONFIGURATION
Fig. 2(a) shows a single phase energy source MG configu-
ration for analysing and evaluating the performance of the
MG system. It has DC voltage source V., LC filter, voltage
source inverter (VSI) and line and load impedance. The VSIs
are used in between grid network and DC voltage source
to transfer power from DC side to AC side. In steady state
condition, the average AC power P, is equal to DC power
Pgc. IGBTs are used to comprise the VSI and the switching
action of each IGBT is defined by Vi, = 6V, where § is
the duty ratio with § € [—1, 1]. However, as power solid
state devices have little switching ripple, LC filters are used
to attenuate this ripple.

The three phase MG also has similar components excepts
transformers which is shown in Fig. 2(b). The power
transformers are used to transmit power from Distributed
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generation station to medium-voltage line in order to reduce
the line losses and transmission cost. As loads parameters are
uncertain, they create fluctuations and high frequency har-
monics. The shunt capacitor Cy; is used to attenuate this high
frequency harmonic impact. Moreover, a crystal oscillator
(i.e. internal oscillator) is used for the purpose of controlling
the MG frequency in an open-loop control manner with w, =
2 x f, f =60 Hz.

B. VOLTAGE CONTROL

The block diagram for the voltage control of a MG system
is shown in Fig. 2. The desired grid voltage v, for each
VSI is tracked by the voltage control loop. The switching
frequency of VSI depends on a duty ratio 6 which is very
important to achieve accurate voltage tracking performance.
This duty ratio is determined by the controller with § € [—1, 1]
using pulse width modulation (PWM) principle. In a voltage
control loop, the grid voltage is provided by the VSI which is
compared with the desired reference MG voltage. Moreover,
for voltage tracking performance, the control loop requires a
high bandwidth.

C. MODELING OF SINGLE PHASE MICROGRID

For the modeling of single phase MG, the inductor current
ir in the L-C filter (Fig. 2(a)) is divided into filter capacitor
current i. and grid current i,. The controller design is based
on-

dip (1)

L
" dt

= Vg — V(1) e

The switching voltage vy, over a pulse width modulation
is written as

Vsw = TVdc )

For grid voltage v,

dvg

Co—=
Std[

=i, 3)

From (1) and (3), the derived state-space model of the
single phase MG is as follows

d
d—j:Ax—i—Bu—i—dw 4)
y = Cx + Du 5)

where, x, u, and w are the state vector, input vector, and
exogenous input vector of the MG, respectfully. Also, the dis-
turbances d next to the state vector and input vector are
considered. The disturbances, due to unknown configuration
of MG, are associated with the grid current. The state vector,
input vector and exogenous input vector of the MG are as
follows
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FIGURE 2. Closed-loop voltage/current control strategy of (a) single phase single energy source microgrid system, (b) three phase single energy source

microgrid.

And the state space of the system is as follows

1
d [ig 0 L | i L
E["g]: 1 0 |:"g]+ I()t L]
st
0
+ _ 1 |[i] ®©
Cy

The output of the system is defined as

pl=sl=(0 1[%] g
D. MODELING OF THREE PHASE MICROGRID
The modeling of three phase MG is illustrated in Fig. 2(b).
The governing equation of the open-loop system can be
defined in abc-frame as follows

dit,abc

dt

. dvap
lt,abc = Cst% )

The transformation of the dynamic system in (8)-(9) from
abc-frame to a-reference frame is derived as

Vt,abc = L, + Rtit,abc + Vabe )

. R, . Vap Vt,af
d = —— - L 4 2 10
it.ap L it.ap L, + L (10)
it,aﬂ
d = — 11
vap = (an

Finally, the above equations in (10)-(11) are transformed to
dg-rotating frame and the resultant equations are presented as

didg o= Bt v - Lve a2
dt g = T eda T e
% +sVyy = 1 (13)
dt dg = ¢ Thda
where, s = jw,. The state-space representation of the

open-loop three phase MG in (12)-(13) is written as
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Gp(s) = Cp(sl —Ap)_lBP + B,, + Dp, and the state matrices
are defined as

_ 1 -
0 — 0
@Gy 1
—Wy 0 0 C_
Ap=1| R |
—— 0 - wo
L, L,
1 R;
0 —— W, -
L L, L; |
0 0
0 0
1
Bp = | — 0
P I ;
0 _
L L,
o1
- 0
Co 1 1 0 0 0
Bu=1 O _C_s;’cp_[o 10 o}
0 0
0 0
and D, =0
Here x = [Vd Vy L I,q]T is the state vector; u =

[Via V,,,]T is input vector, w = [izq iLq]T is the exogenous
input vector and the output vector is defined as y = [Vd Vq].

The system parameter values for the three phase MG sys-
tem are given in Table 1.

Ill. DESIGN OF THE CONTROLLER

A. PRELIMINARY DEFINITIONS

Prior to the design of the proposed controller for the MG,
this section represents some preliminaries of extended param-
eterisations of Hy, norms which are more detailed in [38].
Now, consider the LTI discrete system with a state-space

representation as
x(m+ 1) = Ax(m) + Bw(m) (14)
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TABLE 1. Parameters of microgrid system.

Single phase | Three phase
Parameters MG MG
DC bus voltage vg. 300V 2000V
Shunt capacitance
15uF 100pF
(Cst) 51
Inductor filter 2mH 2.53
Line resistance
045 Q
(Rline )
Consumer load (R) 40
Frequency (f) 60Hz 60Hz
VSC terminal voltage 600V (1 pu)
(line-line) (Vpgse)
Transformer voltage 0.6/13.8
ratio (Y/A)
PWM carrier 1980 Hz
frequency (fsw)
VSC filter resistance 1.5mQ
(Rt)
DG rated power 3MV A(1
(S base ) pw)
q(m) = Cx(m) + Dw(m) (15)

where x, w, and g are defined as a state vector, the exoge-
nous input, and the controlled output respectively. The other
vectors and matrices are in proper dimensions. The system
in (14)-(15) is asymptotically stable if it satisfies the follow-
ing LMI

ATL+ LA <0 (16)

such that £ > 0

where L is areal positive definite matrix. If £ is the positive
definite then the system x = Ax(m) is asymptotically stable,
that is all the eigenvalues of A satisfy RA; < 0.

However, the LMI in (16) has been modified by including
another matrix M € R"*" such that the following inequality

[,C AM

MTA M+MT—£] =0 (an

is feasible.

The extended stability criterion in (17) is generalised to
calculate the Ho, norm for the development of state-feedback
and output-feedback controller [39].

Lemma (Hs Norm) [38]: There exists a real positive
semi-definite matrix £ such that ||H,,(s)||%, < 7 holds if,
and only if, the following LMI

L AL B 0

AT £ o0 ccT
0 cL D nl

is feasible.
Theorem 1: There exists a real positive semi-definite
matrix £ and a matrix M such that [|H,,,(s)] |<2x> < 1 holds
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FIGURE 3. Block diagram of the closed-loop system.

if, and only if, the following LMI

L AM B 0
MAT MA4AMT —£ 0 MTCT
0 CM D nl

is feasible.
Theorem 2: If the system matrix W; belong to a polytropic
set ¢, where

o A, B; .
‘~I’,—|:Cl_ Di:|’ i=1,2,....,N (20)

Then there exists a matrix M and a real positive
semi-definite matrix £ such that ||H,,(s)||%, < n holds if,
and only if, the following LMI

ﬁi A,’M B,‘ 0
MAT M+MT—£; 0 MIcT
>0 (21)
B! 0 1 D!
0 M D; nl

is feasible.

B. LMI SYNTHESIS FOR STATE-FEEDBACK CONTROLLER
Consider a LTI system 7 (s) in Fig. 3 which can be repre-
sented as

Xop(m) = AgpXop + B1w + Bou (22)
q(m) = C1xop + D11w + Diou (23)
y(m) = Coxop + Do1w + Dopu (24)

where, x,, € R" is the state vector, A,, € R"*" is the system
matrix and y is the measured output. The control input, and
controlled output are defined as u and ¢, respectively and all
other matrices and vectors are in proger dimension.

The above system maps the inputs to control the out-

puts <3> ie.
(-mo) e
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The interconnection of the system with the controller
K will produce a linear closed-loop system which has a
state-space representation as follows

Xe1(m) = Acixel + Beyw (26)
q(m) = Ceixe; + Deyw 27

The control problem is to find the full state-feedback
and output-feedback controller K, with which the system
in (22)-(24) generates a LTI system like in (26) and (27)
to map the exogenous input w to control output g such that
the system in (22) is internally stable. The maximum gain
from w to g is less than Hy, norm parameter ©*. More-
over, it reduces the high frequency noises and disturbances
of the voltage source converter and tracks the reference
signal.

1) FULL STATE-FEEDBACK CONTROLLER

For the development of extended parameterizations of the Ho
full state-feedback controller, the states of the system must
be available to feed the controller. In addition to consider the
information of the states are not corrupted by the exogenous
input w. As a result, there will be a control law in the form
of

u=Kx (28)
where the closed-loop system matrices are defined as follows

A = Aop +B:Ke, B =B (29)

Ceq = Ci+ D12, De =Dy (30)

Moreover, practical systems in (22)-(24) are uncertain. For
the development of the robust stable controller assume that

the system matrix W belongs to a convex bounded polyhedron
set ¢ such that

N N
Q= \11(5):\11(5):2&%, i = 1,23,:1 31)
i=1 i=1

A,y B1 B2
where, W; = | 7
' [Cl Dy DlZ]
with, ¥; = {Wq,...... , Wy}

Now, using the change of variable in theorem (19)-(20) as
L=L, M=Y, andP=K.Y

the proposed state-feedback controller is constructed. To
design the controller in the form of (28), there exist symmetric
matrices Y, P and L; such that the Hy, norm ||H,,;(s)| |g0 <n
satisfies the following LMI

Li AgpiY +(B12)iP (Bn)i 0
x«  Y+YT—L 0 Y'c)l +PDl, -0
* * 1 DIT1
* * * nl
(32)
And the state-feedback gain can be calculated as
Ke=Py~! (33)
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2) FULL OUTPUT-FEEDBACK CONTROLLER
Consider a linear output-feedback controller /C. which has a
state-space representation as follows

Xe(m) = Acxe + Beye (34)
u(n) = Cexe + Deye (35)

where, the controller state vector is defined as x, € R".
While connecting this controller with the system in (22)-(24)
produces a linear system in the form of (26)-(27), where the
closed-loop state vector and matrices are defined respectively
as follows

_ [ x(m)
= 36
x(n) _xc(m)] (36)
A, — [Aop + B12DCy B12Ce
cl = i BCCZ Ac ’
B> + B1D.D
Ba=|""g zl)zf 21} 37)
L C
Cq = [C1 + D12D.Ca D12Ce],
D¢ = [Di11 + D12DeDai | (33)

For the development of output-feedback controller in
the form of (34)-(35), there exist the matrices Y, P, ),
F, Q, R, S, J and the symmetric variable matrices P
and H such that the Hy norm of the closed-loop sys-
tem ||sz(s)||§>O < n holds, if and only if the inequality
in (39), as shown at the bottom of the next page is satisfied
and the robust output-feedback controller can be obtained
as

Ac B/ _[v' vy [Q-YAY F
C. D | O 1 L R
Ul 0
* |:—C2YU1 1} “0)
where UV + )Y = §.

C. PARAMETER ESTIMATION OF THE CONTROLLER

This section shows the controller parameters of the state feed-
back and output feedback controller. Using the parameters of
the single and three phase MG in Table 1 and LMI’s in (32),
(33), (39), (40), the controllers are constructed which are used
to regulate voltage and current profile of the MG systems.
Moreover, H, norms show how far the estimated voltage and
current from the desired values.

Both the aforemention control approaches, output-feedback
and state-feedback, can be used to control the MG oper-
ations. However, in a single-phase MG, the MG opera-
tion is concluded with voltage control (Fig. 2(a)). But the
states i.e. voltage and current, have impact on three-phase
MG (Fig. 2(b)). The control parameters are given as
follows

1) PARAMETERS FOR SINGLE-PHASE MICROGRID
Now, using the LMI Control Toolbox in MATLAB,
the output-feedback controller in (40) is constructed by
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FIGURE 4. Voltage tracking performance of microgrid under (a) Consumer load, (b) Unknown load, (c) Harmonic load, (d) Non-linear load (The
green dashed (—-), blue solid (), red dashed (—-), purple doted (..), and black curved line represent the open-loop, reference signal, proposed
controller, linear quadratic gaussian (LQG) controller, and LQR controller respectively).

solving the LMI in (39)

B 400 —4.1036
Ac =110 [0.0 0.0009 }

3 4 [—0.4320
B.=1x10 [_0_0001 @1)
C.=[0.0 0.0350] D.=1 (42)

where n = 1.5 and
||Hywe(s)|1% < 0 =1.1

The controller is designed to deal with the real sce-

2) PARAMETERS FOR THREE-PHASE MICROGRID
For the three phase MG system, the matrices P and Y are
constructed from the LMI in (32) as

P=1x10%
Y =1x 108
where n = 1.5

[3.6224 0.0 —-0.0 0.1138
0.0 3.6202 —-0.1137 0.0 43)
—-0.0 —0.1137 0.0036 —0.0
| 0.1138 0 —0.0 0.0036
[3.6188 —0.0002 0.0 0.1137:| (44)
10.0002  3.6237 —0.1138 0.0

Then, the state-feedback gain from (33) is calculated as

narios of the islanded MG and practical implementa- F = [1'0010 0.0 0.0005 — 0'0628:|
tion of the controller is not the scope of the current 0.0 10010 0.0 0.0015
work. ||sz(s)||C2>O < n=1.2345 (45)
L J ApY+BP Ay, +BRC; By + ByRDy 0
* H 0 YAy + FC VB> + FDy; 0
T T T T TpT
* x Y4+Y' —L I~|—ST—J 0 YTC1 —}—TETDIT2 -0 (39)
koK * y+JY' —-H 0 C{ +CR'D}, | =7
* % * * I D!, + DI,RTDI,
* % * * * nl
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FIGURE 5. Fault current tracking performance of microgrid under (a) Consumer load, (b) Unknown load, (c) Harmonic load, (d) Non-linear load (The
green dashed (—-), blue solid (-) line represent the open-loop and closed-loop response respectively).

IV. PERFORMANCE EVALUATION

The performance of the introduced controller for both single
and three phase MG system is represented in this section. The
effectiveness of the controller may deviate due to increasing
number of subsystem in the MG. Each of the subsystems
consists of a energy source that will increase the number of
control variable for the MG. As a result, the control of a
three phase MG system is more challenging than single phase
system. The proposed H, controller is successful to regulate
the voltage and current of MG. The results of this section are
obtained using MATLAB/SimPowerSystem Toolbox which
indicate the robust stability and performance of the controller.

A. PERFORMANCE EVALUATION FOR SINGLE PHASE
MICROGRID

For the performance evaluation of the single phase MG,
the DC bus voltage, line and load resistance are considered
as 300 V, Rjine = 32 and Rjpqq = 40%2, respectively. For
the LC filter, the parameters are: C = 15uF and L = 2mH.
The performances against consumer load are shown in Fig. 4,
and 5 which indicate high performance of the controller. The

135890

robustness of the proposed controller under different load
conditions are given below:

1) PERFORMANCE AGAINST UNKNOWN LOAD

The performance of single phase MG is affected by unknown
loads. Fig. 6(a) shows an unknown load circuit that is con-
nected in parallel with the MG. When the switch of the
circuit is closed then the steady state, capacitance, inductance
and resistance value of the circuit will also change. Initially,
the switch in Fig. 6(a) is opened but at + = 0.36 sec the
unknown load is connected to the grid and the performance
is evaluated. The performance of the controller against the
unknown load is shown in Fig. 4(b), and 5(b). The results
show that the proposed controller ensure the highest tracking
performance against unknown load.

2) PERFORMANCE AGAINST HARMONIC LOAD

The non-linear loads are responsible to produce harmonics
which cause distortion in voltage and current. Fig. 6(b) shows
a harmonic load circuit. The harmonic voltage and current
generate an increased amount of heat in loads and conductors.
This phenomenon may damage the performance and
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durability of the loads. The waveform of the current depends
on the loads. Due to the source impedance and non-linear
loads, the source voltage will be affected. Hence, the quality
of the voltage will be deteriorated. The main problem caused
by the harmonic loads is the increased system’s current which
is an order of 3rd harmonics. To produce a current wave-
form of 3rd order harmonics of amplitude 7A and frequency
150Hz, a 302 resistor is connected in series to the current
source. The voltage tracking performance of the controllers
under harmonic loads is presented in Fig. 4(c), and 5(c). The
results show that the proposed Ho, controller shows robust
performance against the harmonic load.

3) PERFORMANCE AGAINST NON-LINEAR LOAD
This test is to verify the stability and robustness of the
proposed controller. A non-linear load circuit is shown
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in Fig. 6(c) and the dynamic performance of the controller
against non-linear load is shown in Fig. 4(d), and 5(d).
A two phase four pulse diode bridge rectifier with RC
load is considered as a non-linear load for this simula-
tion. The load is connected in parallel with the grid load
(Rjpaq)- From the simulation results, it has been seen that
the proposed controller provides a negligible voltage track-
ing performance error with an acceptable total harmonic
distortion.

B. PERFORMANCE EVALUATION FOR THREE PHASE
MICROGRID

The effectiveness of the controller against consumer load is
determined by considering reference voltages V; = 0.8 pu
and V, = 0.6pu. The dynamic performance against the
consumer loads is presented in Fig. 7. The results show that

135891



IEEE Access

M. Armin et al.: Robust Extended H, Control Strategy Using Linear Matrix Inequality Approach for Islanded MG

1 —Vq |

_ —Vd
=
&
=
=]
>0.5
0 L L L L L L
03 04 05 06 07 08 09
Time (s)
(@)
2

0.302 0.304 0.306

Time (s)

(©)

0.3

3y :
—_—P
—Q |
32 ]
S 1
51
=
(=}
=" 0 mn
03 04 05 0.6 0.7 0.8 0.9
Time (s)
(b)

iLabc (pu)

2 : : :
0.298 0.3 0.302 0.304 0.306
Time (s)
(d

FIGURE 8. Simulation results of the proposed controller against unknown load: (a) d and q components of the
load voltage, (b) power components, (c) instantaneous load voltages and their magnitude (solid red (-) line
phase a, dashed blue (—-) line phase b, and doted green (..) line phase c), (d) instantaneous load currents and
their magnitude (solid red (-) line phase a, dashed blue (—-) line phase b, and doted green (..) line phase c).

TABLE 2. Comparison of error voltage (RMS value) between the proposed controller, LQR, and LQG controller.

Name of controller Error voltage for con- | Error voltage for har- | Error voltage | Error voltage for dy-
sumer load (V) monic load (V) for asynchronous | namic load (V)
machine load (V)
Proposed controller 2.50 3.10 5.35 2.20
LQR controller [37] 20.2 21.1 73.8 22.1
LQG controller [37] 10.1 10.3 16.2 12.5

the proposed controller can provide high performance for the
three-phase MG. Fig. 7(a) depicts the tracking performance
of the reference signals. The power components, voltage and
current of MG system are represented in Fig. 7(b), 7(c) and
7(d), respectively. From the results, it is verified that the Hy,
controller is able to regulate the voltage, current and power in
a nominal range of three-phase MG.

1) PERFORMANCE UNDER UNKNOWN LOAD

The unknown load circuit in Fig. 6(a) which is used in
each phase of the three-phase MG for the consideration of
unknown load test. One terminal of the circuit is attached to a
single phase while the other terminal is linked to ground. For
the closing of switch after t = 0.3s, the load voltage is changed
due to the inclusion of unknown load. The MG reference
voltages are set to Vg ¢ and Vg rr. After functioning the
switch, the load parameter values of the MG system will be
changed and is responsible for the change of instantaneous
voltage of the system. The dq and power components of
load voltage are shown in Fig. 8(a) and 8(b), respectively.
Fig. 8(c) and 8(d) show instantaneous load voltages, currents
and their magnitude of the MG system against unknown
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load. The results ensure that the controller achieves desirable
performance against the unknown load.

2) PERFORMANCE ANALYSIS OF THREE PHASE NON-LINEAR
LOAD

This test shows the performance of the H, controller against
a non-linear load. Fig. 6(c) shows a three-phase non-linear
load. The nonlinear load for both the single and three phase
MG is similar except the bridge rectifier. The load is modeled
by a six-pulse diode bridge rectifier. It is linked to the pcc
at t = 0.54s and the dq reference signals remain same as
before. Fig. 9(a) and 9(b) are the dq and power components,
respectively. Fig. 9(c) and 9(d) show the performance of
the introduced controller against non-linear load. The results
indicate that the controller can keep the voltage and current
oscillation in an acceptable range.

C. COMPARATIVE PERFORMANCE ANALYSIS AMIONG
DIFFERENT CONTROLLERS

The comparative study between the proposed controller,
linear quadratic regulator, and the linear quadratic gaus-
sian controller in terms of consumer load, harmonic load,
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TABLE 3. Comparisons of advantages between the controllers.

Name of the controller Advantages

Limitations

H . Controller

(i) High band width, (ii) Large gain and phase margin, | -
(iii) Robust, (iv) Tracks reference signal

LQR Controller (i) High band width,

(i) cannot follow reference signal, (ii) Low operating region

LQG Controller (i) High band width,

(i) cannot follow reference signal (ii) Low robustness

Model Predictive Controller

noise

(i) Large gain and phase margin, (ii) Robust, (iii) Low

(i) Low band-width

asynchronous machine load and dynamic load is shown
in Fig. 4. The results show that the Hy, controller has better
tracking performance than LQR, and LQG controller. The
quantitative measurement shown in Table 2 which indicates
that the proposed controller has less tracking error with
respect to different load conditions. The advantages of the
proposed controller compared to other existing controllers
available in literature are presented in Table 3. The com-
parison depicts that the proposed controller ensures high
performance as compared to other controllers.

D. ROBUSTNESS ANALYSIS

In this paper, the design of the controller is carried out in a
way that the design guarantees the stability of the feedback
system against perturbation of plant models. The perturbation
of the plant parameters may possibly take place in the form of
variation of line impedance and capacitance of the load and
so forth. In order to justify the robustness of the proposed
controller, a model parameter e.g. capacitor values have been
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intentionally varied and the performance of the controller
against such variation is being tested and measured as shown
in the Fig. 10. The results show that the controller provides
extensive performance against the variation of capacitor val-
ues by tracking the command voltages for islanded operation
of the MG. The load of the MG continues changing with
respect to time and it is important to guarantee the stability
and maintain the voltage, current and power level to a desired
level. The designed controller is obliged to perform satisfac-
torily to a change at the load end. The controller designed
in this paper pledges adequate performance for a variation of
loads as given in Fig. 4.

Determining the effects of the parameters for this partic-
ular type of controller on the obtained results is unrealistic
because the controller is designed LMI control problems are
usually solved in terms of auxiliary synthesis variables. These
variables are connected to the controller parameters through
change-of-variables. Typically, constraints are imposed on
the auxiliary synthesis variables so as to achieve the desired
controller structure. So changing the controller parameters
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FIGURE 10. Robustness analysis of the proposed controller.

may not led to the feasibility solution of the LMIs and may
result in instability.

V. CONCLUSION

This paper presents the design of a high performance
extended Ho, controller for both single and three phase MG.
The controller is designed based on the LMI approach. The
performance of the proposed control method is investigated
considering several uncertainties: unknown load, harmon-
ics load, and non-linear load. The simulation results show
that the controller ensures robust performance against uncer-
tainties. The practical implementation and the application
of multi-energy source are the future scope of the current
research which can be extended for future research.

APPENDIX.
Feasibility of the LMIs is presented in this section. Consider
a LTI system

X = Ax + Bu
y = Cx + Du (46)

where all the state vector x € R" and all other vectors and
matrices have appropriate dimensions. Using the Lyapunov
stability theorem, the system (46) is asymptotically stable if,
and only if, there exist a symmetric matrix L = LT ¢ R™

such that the LMI
L AL
|: AT L } >0 47
is feasible.
In the above LMI, an instrumental variable is added [39].
It has been shown that system (46) is asymptotically stable if,
and only if, there exist a symmetric matrix L = LT € R™"
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and a general matrix M = M7 € R™" such that the LMI
L AM =0
MAT M +MT —L

is feasible [39].

Now, from the extended H, norm, the inequality
|sz(s)|go < n holds stable if, and only if, there exist a
symmetric matrix L such that the LMI

L AL B 0

(48)

O
0 CcL D gl
is feasible.
L AM B 0
%@T MTJFé”_L ? M;TCT -0 (50)
0 M Dl

is feasible.

For the proof, choose M = MT = L. Assume that the
inequality (50) is feasible. Hence, M = MT > L > 0.
It implies that M is non-singular. Since, L is positive definite,
the inequality (L — M)TL~'(L — M) > 0 holds. Therefore,
establishing ML™'M > MT + M — L which yields

L AM B 0

MAT MT+mM-L 0o MTCT
BT 0 ; pr |70
0 cM D nl

Which recovers (49) if multiplied on the right by 7 =
diag[I, M~'L,1,1] and on the left by T7. Now, using the
change of variables in (50) as L = LM =Y,P = K.Y,
the proposed state-feedback controller is constructed in a way
that there exist symmetric matrix P and other matrices Y and
L such that H,, norm |qu(s)|c2>o < n satisfies the following
LML

L ApY +BpP B 0

« Yl+y—-L 0 Y'cT+P'D],

* 0 I DY, 0 ©b

* CM D nl

Solving the above LMI we have found P as
3.6 0 0 0.11

sl 0 36 —0.11 0
P=10"1"09 o1 o003 o |~

0.11 0 0 0.0036

Which indicates that above LMI (51) is feasible.
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