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Keywords: oscillation and unpredictability of these type of generators. In order to ensure the «
Microgrids criteria of a standard grid (frequency stability, voltage stability, ...), this paper propc
Renewable energy sources H-infinity robust control method for the purpose of controlling distributed generatc
Robust control microgrids, particularly energy storage systems, because this elppmauitable for
H-infinity control controlling objects with various uncertainties. Then, the analysis and evaluatic
Energy storage given through simulation results with different penetration levels of renewable e

sources using Matlab/Simulink software, thereby emphasizingotheof the Hinfinity
robust controller in microgrids with the expansion of renewable energy

1. INTRODUCTION are generation units which can adjust their power to the
éeference value and respond to disturbance changes during
Rperation. Nordispatchable units are those with their
power dependent on external factors (weather, physical

Microgrid, a popular concept that appeared in previou
studies of power system technology, is now becoming a
inevitable trend in the electricity industry in the context of
the continuous development of generators in general al tuste,nggd?isnczjatgﬂgglc: b(ra]_tcsor;tled;t(; tg;_pé?se;tn\;a%esﬁq
renewable energy sources in particular. Microgrid was us, ISP uni way very ximu

created to overcome globahergy challenges, to meet the cap;/elxcnty t? :u:ywexg:on ':\S Fotentlarl. re-dizmatchabl
demand of power consumption, power quality and ost of renewable energy sources are-mpatchavle

environmental issues worldwide. In the Microgrid units, so high proportion of renewables in the power

structure, the power sources are located close to the pow@(s’tem is the main cause obwer fluctuation as well as

consumers So it brings us many advantages such 80T YR BET L R O N
reducing transmissh losses, reducing requirements on P ’ bp y

transmission and distribution infrastructure, increasin Olutions from the utility grid to maintain the stability of

reliability, reducing emissions, improving power quality he Microgrid. As a result, the ESS with theigh-power

and reducing electricity costs. Specially, the rise szxchan_ge tdf)qilty' C?\/rl]' be t_r:je ke)_/ Otf t[:r)]ower batla_nct;e ind
renewable energy sources in the power system loagbr ynamic stabiiity in Microgrid against the uncertainty o

not only benefits but also negative impacts to providers afsenewables. Compared to largeale power systems,

well as consumers when penetrating to existing powe' Iandeq Microgrid has low system inertia due to the high
systems integration of renewable energyowsces and ESS.
) . . ' Therefore, this paper aims to find an approach to increase
The concept of Microgrid has been defined and,[h netration rate of renewable ener ) whil
mentioned in many studies [13]. In general, Microgrid is € penetralion rate of renewable energy sources €

a smalscale power gd consisting of distributed achieving multiple objectives such as ensuring frequency

generators (DG) combined with energy storage system%nd voltage s'FabiIity, improving power quality_and adaptive
(ESS) that provide electricity to loads (industry, household?omroner design to ensure power balance in the system

lighting, ..). DG and ESS in Microgrid include with uncertain factors [4].
dispatchable and netispatchable units. Dispatchable units
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Fig. 1. Studied model of the Microgrid system.

In [5], [6], the basic and simplest control method forsystem is shown in Fig. 1, including a diesel generator
islanded Microgrid has been presented, whighcalled (using Automatic Voltage Regulator- AVR), a
droop control method. However, the traditional droopphotovoltaic system and a storage system.
method in primary frequency control still has many s 5 Unit modellirg
limitations such as low response rate, traffebetween
voltage regulation and load sharing and difficulties inAS mentioned above, the studied system model is provided
integrating renewable energgpurces [7]. In addition, some fo_r the control_ of the storage system, so other units (Load,
studies on the application of the-ifinity robust control ~ Diesel, PV) will act as a disturbance signal of the system.
algorithm in Microgrid were also illustrated in {§12], More specifically, the _mo_dellmg from the storage system
but only in terms of power quality (voltage, frequency),to the A.‘C bus  will .|nclude the stprage system
uncertainty factors in the Microgrid system withou (characterlzgd by capacitanGs, Se.”al re_sstancé&s and
mentioning the penetration rate of renewaldiaergy parallel r¢5|stan(;eRp), DC/DC bldlrec_tlonal converter
sources in the system. This paper proposes-ifihity (chamcterized byinductancel, and resistanc®, of the

trol hint ted into the ESS of Mi id i coil, capacitance&,, at DC bus and two power electronic
control approach integrated into the ot Micrognd 1N, ,5yes), DC/AC converter and filter coil (characterized by

islanded mode and then consider different penetratiofhductancd_f and resistanc).

levels of renewable energy sourdgmmely photovoltaic In the studied model, the PV system is frequently
solar power) to assess the stability of the system with thgyctuated due to many factors (weather changes, shading
expansion of renewable energy sources, thereby leading ghenomenon, ...), leading to large power fluctuations. In
the construction and development of power systems usingig. 1, the PV system is integrated with the maximum

entirely renewable energy sources. power point tracking (MPPT) algorithm to maximize the
generation capacity of the solar source and minimize the
2.SYSTEM DESIGN power burden on other sources. Modelling of PV system

. with MPPT algorithm has been proposestudied and
2.1 Studiedsystem model analyzed in [B]-{15], so the PV model is simply shown in
During the study, authors focused on controlling the energfig. 1, the PV system is integrated with the maximum
storage system to ensure power sharing in islamdede power point tracking (MPPT) algorithm to maximize the
(or off-grid modg. Therefore, the units in the system aregeneration capacity of the solar source and minimize the
selected and modeled in accordance with this operatingower burden on othesources. Modelling of PV system
mode. To meethe goal of power balance and transientwith MPPT algorithm has been proposed, studiadd
stability when operating in islanded mode, the studiedinalyzed in [B]-[15], so the PV model is simply shown in
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Fig. 1. ESS Hio
Diesel generator model in Fig. 1 includes speed governor BPees Controller

controlled by droop method, diesel engine anithep

transmission parts (actuator, coupling shaft). In addition, (lnemajyj;f{“[)ampmg)

the diesel generator uses the AVR to ensure the terminal

voltage remains stable during operation. The transmission t 3P (1 ) af

stages in the diesel generator are characterized by a tim&™ +.® { 2Hs+D ]

constant Fesesand the droop control stage is characterized / *

by the droop CoefﬁCienrdﬁsel shown in Flg 2. 3PLoa Governor (Droop  Actuator + Prime mover
control) + Coupling shaft

Actuator + Prime mover -1 1
Governor + Coupling shaft 3Poiese Siesel
af -1 1 3Puiesel R Fig. 3. Dynamic model ofstudied Microgrid system
Sdiesel Tdiesel-s +1

Based on the classical closkwdp feedback control
problem shown in Fig. 4, the general control structure of
the robust control system is given in Fig. 5, also known as
the RK control structure. Robust control using-KP
2.3 Microgrid dynamic model structure based on mixexknsitivty problem, that is,

. ) . finding suitable weighting functions for error sigrathat
In the operation of the Microgrid, to ensure SystéMgaiisty the performance conditions in order to synthesize
frequency stability, the power b_alance between thg SOUIC&Re controlle [17].
and the load should be maintained. In the dynamic model g, Fig. 5:

of the system is presented in Figure 3. According to that,

Fig. 2. Dynamic model of diesel generatar

the system is characterized by two constants H (system 7=N.w 3
inertia constant) and D @a damping) [&]. Assuming that .

the power values are noise values, the dynamic model ofhere :@WVS ‘;is the transfer function fromz tow, S
Microgrid is derived as (1): WKS

dDf 1 is the sensitivity function\, andW, are the performance

g B, PR, PyD R,)DDf (1) weighting functions of input and output signal of controller
K respectively [17].

where O is the frequency deviation of the system, The problem is minimizing the value of the error signal

P B m., Pp are respectively the active power z, that is, to find the minimum of the infinity norm of the
SS Y 10=d

PV diesel * . .
difference ofPV systemdieselgeneratarESSand load transfer functiorN, denoted byrlln"N (K)”u :

Applying Laplace transform to (1), the dynamic equation The weighting functions for control input signaland

dt  2H

of the Microgrid is obtained as follow: control output signal u of controllé€ are based on the
1 transfer function of firsbrder filter (which is called the
Df (s) :2H—+D[ B, (s) P.R6) Px® P (s)]: performance weight) that is given in [17]:
@ (=Mt @)
S+ A

3. H-INFINITY ROBUST CONTROL ) ) ) _
. ) ) where A is the maximum steadstate tracking erroM is
In this section, an overview of the robust control theoryihe maximum peak magnitude &f u; is the minimum
B

applied in the paper will be demonstrated. The advantage , )
of a robust control system is that the quality of the contro ar-1dW|dth frequency (defined as th_e frequency where
é(JW)\ crosses 0.707 from below)rypically, we select

objects in the system is always kept stable according to t
preset criteria, regardless of the change of systenm=2,A° 1[17].
parameters as well as the disturbance value on the system.
Furthermore, the robust controller is optimized for multi

input multroutput (MIMO) systems, so is suitable for

applying to the studied model.
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Fig. 5. Block diagram of RK structure robust control.

modulation indices oDC/DC bidirectional converter and
DC/AC converter. As such, the cortes is designed to
have one input (system frequency) and multiple outputs
(modulation indices). The proposed control scheme is
shown in Fig. 6. Accordingly, threghase values will be
converted to ddrame values to reduce complexity in the
calculation egations.

In summary, the process of applying robust control
algorithm to the system is given as follows:

1 Building statespace model of the control object
through derivative equationsderived from the

modeling of generation units

Selectingweighting funcions for controller input and
output signals.

Computingcontrollers using calculation toolbox from
Matlab/Simulink software.

Simulationof the Microgrid with different penetration
rates of PV source when using robust controller.

4.1 Building statespace mdel

Building the statespace model of the ESS will be based on
the equivalent circuit modelling shown in Fig. 6.

4. APPLICATION OF ROBUST CONTROL IN ggl:':t'%eng”gretgsrivag:rfiﬂﬁsvsS[Tg}'m[qag:] model, - related
STUDIED SYSTEM '
. . . . dbv,
In this section, the author will provide the steps to apply dt“ = 'ci D % Ve ®)
the H-infinity algorithm for analyzing the primary ° P
frequency stability with the expansion of PV power. The
control object is defined as the ESS and contgnals are
~ Droop
_ Control P
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Fig. 6. Proposed Robust Hinfinity control scheme.
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dbl, 1 R, R m,, Vi, 6 dof _ 1
s 1 A" . . —=—¢gv,_ 2RI_) IDI+V.D P
dt Lc sc Lc IsD Lc Vdc D? mg. ( ) dt ZHg SCe s se) P s: sc du-e's'el
dDV, _ M 1, +B, -PR] = f (11
7 Tde — St e = | by
dt Cdc s a mp n (mdE sd 1ot 2H
1 In these above equations, units with subscript""
+m, D, kK, mp I+ mq)DR c V., ) represent the value at the equilibrium point.
dde From the averaged smalignal model of storage system,
dDl, _m, V. R, diesel generator and Microgridguation (5) to (11) could
o L Ve MRl Rofil be combinedto build the statspace model with the
f f f following gener&form as follows
+1,2p D ®)
’ éDx =A D By u B, w (12)
I
dDly, _m, v, Ve mp R | Dpitl, iDy € »D Dt u D, w
dt L, L, L, =
where:
+I5d52pD (9) D( :g \Z?c IsD Vch Isd D Isq IJ:)diesel Df TE iS the

From the dynamic equations in Secti@n equivalent
equations of the diesel generator with droop cordrad
Microgrid system are given

dDP,

iesel _ 1 M., 1 (10) Dv = M, - PRD isthe input disturbance vector.
dt Tiesel Tejeset Sciese Dy = flis the output signal vector (input of the controller).
As a result, statepace matricea, B,, B,, C, D;, D, are
obtained in Fig. 7.
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input state vector.
Dugm mp mqDTE is the control signal vector

(output of the controller).

Fig.7. State-space model matrices of robust control system
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4\ Command Window
A
x1 x2 x3 x4 x5 x6 x7 X8 x9 x10 x11
x1 -2.165e+04 -2971 -246.6 1.27e+04 -2.675e+04 1.108e+06 -1.824e+06 -6.976e+0 -3.493e+06 6.345e+04 -5.997e+04
x2 -1853 -2217.3 136 692.7 -2613 1.099e+05 -1.331e+04 -5.844e+05 -2.971e+05 2.687e+04 -4692
x3 -182.1 76.52 -4.972e+04 -1714 -396.9 1.001e+04 -1.485e+05 -1.453e+05 -6.718e+04 -7.746e+06 -1537
x4 5152 1180 1813 1.014e+04 1802 2.238e+04 2.822e+06 1.927e+06 8.922e+05 3.598e+05 2.208e+04
x5 4160 1058 -525.8 1.162e+04 -3.615e+04 3.795e+05 5.435e+05 -1.591e+06 -8.268e+05 -2.052e+04 -1.139%e+04
x6 -2356 -405.5 102.7 -3139 7728 -1.374e+04 -1208 5.812e+04 2.963e+04 -242.17 462.4
x7 293.3 52.47 -11.71 3731 -990.4 2644 -3.44e+04 -9499 461.8 57.63 -2.408e+04
x8 -243.3 -42.55 17.34 -464.9 1127 -5685 3319 8 -5.427e+04 158.3 -6.05e+04
x9 300.1 54.6 16.19 464.5 1159 4055 5466 3.066e+04 114 3.2e+04
x10 -2.181 -1.094 312.8 14.18 1.35 16.01 -37.98 -38.39 -1.429%e+05 -40.52
x11 -635.8 -270.5 25.12 -801.7 2296 2684 1.73e+04 -2.816e+04 -25.82 -7.872e+04
-
ul u2
x1 -4198 8.294e+04
x2 -250.4 -8.277e+05
x3 -214.8 -4486
x4 2117 4.938e+04
x5 3.231e+04 509.8
%6 -8822 -2221
x7 1113 -1.052e+04
x8 -1168 -5.882e+04
x9 -1259 3.47e+04
x10 0.9219 T
x11 -2635 5.042e+06
..
x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11
yl 0.003009 0.0004697 0.0006107 0.01298 0.009727 0.5847 4.417 0.2343 0.2584 0.0001624 0.008646
y2 -0.00596 -0.0008333 -0.0002565 0.004288 -0.008171 0.306 -0.6433 -2.014 -1.005 0.006692 -0.01759
y3 0.0001289 4.704e-05 -0.01348 -0.0006215 -5.74e-05 0.001113 -0.002326 -0.006647 -0.002738 -2.101 -6.523e-05
-
ul u2
yl 0 0
y2 0 0
y3 0 0
Continuous-time state-space model.
Fig.8. Computing H-infinity controller in Matlab software .
4.2 Selecting weighting functions D - _ 0,55 +2 (15)
d " u2 S+O 1
E . H H ’
Based on (4) andy is defined as 2the weighting
functions for the controller input signal®ff and the 0,55 +2 (16)
) Dm,: W,=——=
controller output signals Om,,, Dm, ,Dm,) are selected q s+0,1

respectively afollows:

4.3 Computing Hinfinity controller

Df: W, _0.%+2 (13) To compute the Hnfinity controller, we usehinfsyn
$+0,02 command in Matlab software. The calculation result is the
0.55+2 minimum value ofg =min|n ()|, The command is [KCL,

i) S + . K :
Dmg, : Wy, :m (14) gammal= hinfsyn(P, NMEAS, NCON, 'GMIN', 1) [19].
’ After many trials,g,;, =1is selectedcorresponding to
Table 1. Simulation Parameters ofStudied System
Unit power
Case
Load PV system Diesel generator ESS
Initial: 200 kKW . Initial: 0 W
Casel | 1,2 MW . Initial: 1 MW . o
Maximum: 200kW Maximum: infinity (assumed)
Initial: 400 kKW . Initial: 0 W
Case2 | 1,2 MW ) Initial: 800 KW . L
Maximum: 400kW Maximum: infinity (assumed)
Initial: 600 kW . Initial: 0 W
Case3 | 1,2 MW ) Initial: 600 kW . o
Maximum: 600kW Maximum: infinity (assumed)
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the 'GMIN',1 option in thehinfsyn command). Here the  The simulation results, including the frequency of the
value g,,, =1is used for simulatiorbecause it is small system andhe response of DG units, for three different
enough to give the optimal controller while ensuring thet@S€S of PV penetration levels are shown from Fig. 11 to

quality of the system. Then, the controllé¢ can be F9-16.
determined in the Matlab software in Fig. 8.

~—Droop controller
- - H-infinity controller

5. SIMULATION RESULTS

The parameters of each unit in studied Microgriddel
used for simulation process are assumed in Table I.
Different penetration levels of PV system are considered in
the simulaibn. Specifically, the PV power is increase from 1900 p
200kW (Case 1) to 400kW (Case 2), then 600kW (Case 3) 0 1 2 3 4 5 6 7 8 %"::(;)1 12 13 14 15 16 17 18 19 20
at last. The load powedemand stays remain during the

simulation. The maximum capacity of ESS is assumed to Fig. 11. Frequency of the system in Case.1

be infinity, that means it can response to any changes of

PV power. For PV system, the input irradiance scenario is

given in Fig. 9 (assumed that the input temperatusis il PY system
all the time).

The perturb and observe (P&0O) MPPT algorithm is
applied to the PV system. Mareer, the previous research
of droop controllerin [6] is also considered to compare
with the designed Hhfinity controller. o

In Fig. 9, solar irradiance drepto 100W/m? at the Ly x10* ESS
second and remains until the ™ second. Then, it rises £ 3: . B i
again to 1000/m? from the 11 second to the 12second. R gf‘*‘—/—\f i
However, the P&O algorithm in the PV system cannot track 01234568738 e 2131151617181920
the maximum power point during the rising of solar ) o
irradiance because of short rising time. As the result, the PV Fig- 12. Responseof DG units in Case 1
power does not reach the maximum at that time, as shown
in Fig. 10.

f (Hz)

Pev W)

2
N
0

01 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20
x10° Diesel generator

—Droop controller

g 11
g - = H-infinity controller
k-]
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E 1

—Droop controller
50.2 50.2 - = H-infinity controller
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900 T '
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300 01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
200 Time (s)
100 ) )
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 F|g.13. Frequency of the system in Case 2.
Time (s)

Fig. 9. Solar irradiance scenario.
x10° PV system

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

= 10 x10° Diesel generator
P~ E ——Droop controller
E g 9 = = H-infinity controller
z Irr = 1000 Wim? means Py, =P, . J ] sl il e
& T = 100 Wim? means P,,, = 10%P, 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
. x10° ESS
10%P, g 4 P s | —Droop controller
a zm - - H-infinity controller
& o L
01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 u-.2012345G7891011121314151617181920
Time (s) Time (s)
Fig. 10. Output PV power with corresponding solar Fig. 14. Response of DG units in Case 2.

irradiance.
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50.4

——Droop controller
- - H-infinity controller

show that, wherincreasingthe capacity of the renewable
energy source, the system frequency will fluctuate and
exceed the acceptable limit. Therefore, -irfinity
controller was designed to solve that problem to expand the
penetration of renewable energy into the system. Compared

01 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20
Time (s)

Fig.15. Frequency of the system in Case.3

to traditional method (droop control),-idfinity controller
shows remarkable performanin the freqancy stability of
the Microgrid. However,
complicated because of its high order, so it is not practical
to make hardware application. In the future, authors will

Hinfinity controller is too

study to reduce the complexity of theifinity controller

x10° PV system

SEESSLNSEESS

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
x10° Diesel generator

Pey W)
oNsO

——Droop controller
- = H-infinity controller

o

F.diesel W)
©

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

for practical application. In addition, other advanced
algorithms will be considered to apply for islanded
Microgrid control.
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