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This paper proposes a new robust voltage control strategy for an isolated Microgrid (MG). The MG con-
sists of several Distributed Generation (DG) units and local loads, which should be capable to operate in
both connected and disconnected modes. To achieve this goal and suitable performance in both modes,
robust control may provide many advantages. The proposed control structure proceeds to design a robust
voltage controller based on Kharitonov’s theorem for an isolated MG system. It utilizes an internal oscil-
lator to frequency control and a proportional-integral (PI) controller to maintain voltage stability that is
tuned by Kharitonov’s theorem. For fine-tuning of the PI controller, D-stability concept as a complemen-
tary method is used. The PI voltage controller endeavors to minimize errors between direct and quadra-
ture voltage components and their reference values. Performance of the robust voltage control method
and isolated MG system are evaluated by several simulations in the presence of uncertainty in the system
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1. Introduction

Nowadays, with increasing energy demand growth and limita-
tions caused by global warming and fossil fuels shortage, the con-
ventional power systems have encountered with many problems.
To solve these problems, DG resources introduced as alternative
generation units to the modern power systems. They often use
renewable energy resources like wind power, solar, geothermal
and fuel cells to produce electrical energy. In fact, emerging DGs
to the modern power systems are based on three main issues i.e.
environmental problems, as well as economic issues, and security
supply [2,6,10].

Besides many advantages of the DGs, they make several chal-
lenges for power system such as increasing of complexity, chang-
ing protection rules, and DGs maintaining [1,2]. To overcome
these problems, it is needed that all DGs and local loads be consid-
ered integrally and also, new standards for the DGs and bulk grid
participation are essential. Hence, Microgrid (MG) concept was
introduced into the modern power system. The MG consists of sev-
eral and small electrical resources such as diesel generators, wind
turbines, fuel cells, solar cells, as well as local loads and controllers.
The MG concept was formulated in 1998 by the Consortium for
Electric Reliability Technology Solutions (CERTSs) that assumes a
MG as an aggregation of loads and small sources operating as an
independent system to provide both power and heat [12]. DC
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and AC sources can be utilized in the MGs, therefore majority of
the micro sources must be equipped with power electronic inter-
faces to provide the required flexibility to insure operation as a sin-
gle aggregated system. This approach allows the MGs to present
itself to the main grid as an independent unit which can provide
reliable and secure power to its local loads in both connected/dis-
connected modes [7,13].

The MGs are usually working in connected operating mode, but
it is also possible to go in islanded operating mode due to schedul-
ing or in emergency conditions following a severe disturbance
occurrence. Hence, the MG systems must be able to provide stable
operating in both connected and disconnected modes. To achieve
these purpose, several control approaches are introduced which
Single Master Operation (SMO) and Multi Master Operation
(MMO) are most common ones. In the SMO, a great controllable
DG is responsible to maintain system stability, while in the
MMO, several DGs are responsible for this issue. The most control
methods use droop characteristics of DGs like the active power-
frequency (PF), the active power-voltage (PV), the reactive
power-voltage (QV), as well as the reactive power-frequency (QF)
for adjusting controller parameters and usually, control signals
are applied to the power electronic devices like the voltage source
converters (VSCs) [14,16].

For fine-tuning of the controllers in the MG systems, different
methods such as classical, intelligent and robust methods have
been so far reported. However, considering variable nature of the
renewable-energy resources, production of these resources would
not be easily predictable and always will be associated with
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Fig. 1. Simplified schematic diagram of an isolated MG system.

fluctuations. Therefore, the MG systems may be forced to islanded
mode, which in this mode due to low inertia, the system stability is
often in the critical operation, and the MGs even lead to unstable
condition. Hence, robust control is an essential need for stabilizing
the isolated MG systems. The main advantage of robust approaches
in comparison of other methods is in robustness and adaptiveness
against perturbations which exist in the system [17,19].

In the present paper, a robust control method based on Kharito-
nov’s theorem is proposed to design a robust proportional-integral
(PI) controller which guarantees satisfactory operation of the MG
system under uncertain operating conditions. Then, for fine tuning
of the PI controller, D-stability criterion is used. The Kharitonov’s
theorem addresses few polynomials which obtained from charac-
teristic equation of the closed-loop system. Using the Hurwitz cri-
terion, proper values of proportional and integral gains of the PI
controller to stabilize Kharitonov’s polynomials, are obtained [3].

This paper is organized as follows: the MG case study, its struc-
ture and mathematical model for performance evaluating of the
proposed robust voltage control method, in Sections 2 and 3, are
described. In Section 4, control design strategy based on Kharito-
nov’s theorem and D-stability concept, will be presented. Simula-
tion results and conclusion are presented in the Sections 5 and 6,
respectively.

2. MG case study

Simplified schematic diagram of an isolated MG system is
shown in Fig. 1. It contains of a DC voltage source, a DC-AC
converter to interface DC voltage source and distribution lines, a
filter which represented with R, and L, parameters to extract
fundamental frequency of terminal voltage, three phase local load
represented by a parallel RLC, a three phase transformer in Yn/A
configuration which transforms voltage from 600V to 13.8 kV,
and a local controller for stabilizing the MG, in both connected/dis-
connected modes. The main grid is described by R; and Ls; parame-
ters and, an AC voltage source as well. In the Point of Common
Coupling (PCC), the MG is connected to the main grid via a circuit
breaker (CB). If in the power system, a disturbance such as short
circuit or generation unit outage happens, the system may be un-
able to maintain overall stability in the connected mode, and the
MG system may lead to the isolated mode.

The DG unit and local loads (shown in Fig. 1) must be in service
in both connected and disconnected modes. In the connected
mode, the main grid is responsible to maintain the system voltage
and frequency in a permitted bound. In this mode, the VSC controls
the active and reactive power exchange with the grid, based on the
direct-quadrature current control method. This is known as PQ
control method, in which the DG units are controlled to deliver
constant active and reactive power to the system. In disconnected

mode, the MG system must be able to keep the system frequency
and voltage in an acceptable range. This is known as voltage source
inverter (VSI) control method, in which the inverter is controlled
for voltage and frequency stability preserving in the isolated grid
by changing the absorbed active and reactive power from the DG
units [9,16,18].

In islanded mode, the VSI can employ an internal oscillator with
a constant frequency wg = 27tfy, to generate the modulation signals.
As shown in Fig. 1, the nominal frequency and three phase of PCC
voltage are used by the voltage control unit.

As mentioned, the voltage controller is adjusted using linear ro-
bust method based on Kharitonov’s theorem. For this purpose, it is
necessary to present a mathematical description for the MG sys-
tem. The mathematical model and transfer functions of the open-
loop and closed-loop systems and their properties are presented
in next section.

3. Mathematical model

This section describes mathematical model of the isolated MG
(in Fig. 1). The state-space model of the MG system under balanced
condition in the abc-frame can be presented as shown in (1), where
Viabe Ieabe, Vabe and iy qpc are three phase terminal voltages, terminal
currents, PCC voltages, and PCC currents of inverter, respectively.

di .
Vt.abc =L iﬁbc + Rtlt.abc + Vabc
: d
It‘abc = %Vabc + 1L abe + C Zatbt (1)

diy gp, ;
Vabc =L d‘; -+ RI'L,abc

Using o-B transformation and a rotating reference frame [8,9], the
d- and g-axis of the state space variables of the MG system yields
the following equations:

X(t) = AX(t) + bu(t)

¥(t) = CX(t) @)
U(t) = v
where
oo 0 g
0 w % 1wl
Foob
bT:<g—[ 00 0)

C=(0 0 0 1)

X' = (i iq i va) 3)

From Egs. (2) and (3), transfer function of the /7,4 can be obtained
as given in Egs. (4) and (5), where v, and v are direct voltage com-
ponents of the PCC and inverter terminal voltages, respectively.

vg  N(s)
va DLs) @
and

)

N(S) = b252 + b]S + b()
D(s) = ays* + a3s> + a,5° + a;s + dg

The N(s) and D(s) are nominator and denominator of transfer func-
tion of the open-loop system, respectively. The ag, a;, a,, as, bg, by
and b, are nominator and denominator coefficients which can be
expressed as follows:

ladp
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Table 1 500 T T T T T T T T
Rated values of the system parameters in Fig. 1. 480 |
Quantity Values 460 . |
R[ 1.5 mQ 440 4
L; VSC rated power 300 pH *
VSC terminal voltage 2.5 MW 420 1
PWM carrier 600V 400 i
Frequency 1980 Hz
DC voltage 1500V 380 1
R 76 Q 360 1 1 1 1 1 1 1 1
L 111.9 mH 1 2 3 4 5 6 7 8 9 10
C 62.855 1L K,
Q 1.8
fo ) 60 Hz Fig. 4. Stabilizing values of K, and K;.
Transformer voltage ratio 0.6/13.8 kV (Yn/A)
492 T T T T T T T
T T 4915 i
!9- P T S LR T T .
[ 1 490.5 | 1
°
2
£ 490 . . . . . . .
g— 1 2 3 4 5 6 7 8 9 10
< K,
Fig. 5. Separated proper pairs of K, and K; using D-stability approach.
0 . . . . . .
0 0.5 1 1.5 2 25 3 3.5 2
Time (sec) by =RL
Fig. 2. Step response of the open-loop system. 2 2R,
by =RL* (=
L
_ 2
a4 = LRL“C , a)%LZ I th
bo = RI? (0= 7L (6)
12

as = (L,L* + R.RL*C + 2R,L.RLC)
As shown in Eq. (5), the MG system has two zeroes and four poles.

ay = (LRL+ RL?* + R[> + 2RRRLC + 2RL; + R{L:RC) With substituting rated values of system parameters (Table 1) in
Egs. (5) and (6), transfer function of the plant, g,(s), is obtained as

a = (RtRL + 2RRL + R;R?RC + RL;R + 2RR.L + R,w?RL*C + RL, expressed in (7). The transfer function provides the following
features:

+03LL* — 203LRRLC)
e g,(s) has two zeroes in —0.0071 * 1.78e3i, hence the plant is a
ao = RRIR + w2RL* + Ri2L® + RIR + RR? + w3LRL — i3RI RC minimum phase system.
41 D12 e g,(s) has four poles in —1.66 +377i and —70.5 * 8.82e3i, there-
— oL RL°C fore the plant is a stable system.

Bode Diagram
Gm = 3.34 dB (at 1.4e+003 rad/sec) , Pm = 0.0241 deg (at 1.29e+003 rad/sec)
T T T

o A

Magnitude (dB)

Phase (deg)

-225 " M| " M| s PR |
10° 10

Frequency (rad/sec)

Fig. 3. Open-loop bode diagram of the system.
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Fig. 6. (a) Motion of the Kharitonov’s rectangle for 0 < @ <50 kHz and (b) a magnified view around origin.

Therefore, the MG is a minimum phase and a stable system for
the rated values (given in Table 1). But, for other values ofR, L, C or
fluctuation in produced power, change in load pattern and sever
faults, the MG may lead to unstable conditions. It is expected that
robust control design could be able to guarantee desirable perfor-
mance in the MG systems in these situations.

7.778e7s% + 1.101e6s + 2.462e14

8n(8) = G 744257 1 7.789e75? 1 2.777¢8s 1 1105613 (7)

4. Control design strategy

In this section, some essential on the plant and applied control
theory are indicated. Then, a robust voltage control design based
on Kharitonov’s theorem is described for the MG case study. Later,
the designed voltage controller is properly tuned by the D-stability
criterion. Finally, performance of the proposed control methodol-
ogy is evaluated by performing several simulations.

4.1. Open-loop system

The open-loop system expressed in Eq. (7). The step response of
the open-loop system is shown in Fig. 2. It can be seen that, the MG
is an oscillatory system with a significant overshoot in the ampli-
tude. Bode diagrams of the open-loop system is also shown in
Fig. 3. The gain and phase margins are 3.34 dB and 0.0241°, respec-
tively which shows low stability margin of the open-loop MG
system.

4.2. Kharitonov’s theorem

Based on Kharitonov’s theorem, every polynomial such as K(s),

K(s) = Co+ €18+ C28* + €38 + cus* + ... (8)

PWM
generator

Control
signals

Fig. 7. Applied voltage control structure for the MG case study.

Step Response

Amplitude

0.04 0.05 0.06 0.07 0.08

Time (sec)

0 L L L
0 0.01 0.02 0.03

Fig. 8. Step response of the closed-loop system.

with real coefficients is Hurwitz if and only if the following four ex-

treme polynomials are Hurwitz [3].
Ki(s) =cf +cis+c3s? +c38° +...
Ka(s)=cg +cys+ 382 +c§s® + ...
Ks(s)=cg +cfs+c3s? +c38° + ...
Ka(s) =cf +cys+c3s> +cfs® +...
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Fig. 9. Pre-fault voltage and current curves for phase-a (a and b), Faulted-on and post-fault curves of voltage, current and real and reactive powers (c-e), d and q voltage

component curves (f), the fault is occurred at 0.2 s.
The “—" and “+” show the minimum and maximum bounds of the

polynomial coefficients. In the Kharitonov’s theorem, the K(s) is
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Fig. 9. (continued)

Based on a lemma represented in [3,5], for polynomials with or-
ders lower than 5th, there are simpler modes than Eq. (9). For
example, for a third-order polynomial, if C, > 0, it is just sufficient
to check the stability of Ky(s).

For a 4th-order polynomial, the Kharitonov’s theorem is re-
duced to check the stability of K;(s) and K4(s), while for a 5th-order
it is needed to examine the stability of K;(s), K3(s), and K4(s). Kha-
ritonov’s theorem provides a simple and powerful tool for robust
adjusting of practical controllers [3].

4.3. Application of Kharitonov’s theorem

As described, Kharitonov’s theorem is applied to test the stabil-
ity of polynomial characteristic equation of the closed-loop system.
By using a PI feedback controller, the characteristic equation of the
closed-loop system can be rewritten as:

a 5th order characteristic equation, it is just needed to test the Hur-
witz criterion for the following three polynomials:

Ki(s) =cf +c7s+c38% +c358° + ¢35t + cisd
Ks3(s) = cg +c7s+c3s* +¢58° + c5s* + ¢is° (12)
Ka(s) = cf +cys+c38% +cfs® + ¢35t + ¢58°

4.4. Robust PI controller design
It is assumed that with £10% change in the rated values of the

system parameters (in Table 1), the open-loop system coefficients
(6) being bounded as follows:

[ag.a5] = [1.2155€ + 13,9.9452e + 12]

[af,a;] = [3.0545€ + 08,2.4991e + 08]

K )=+ st + 38 s’ s+ 10

closed_loop (S) +C4S" + (35 +C28” + (1 0 (10) [a;az,] _ 8.5682e + 07,7.0103e + 07]
where
Ca=as [a3,a5] = [1.5863e + 02,1.2979e + 02]

C3 =d; + szp
Cr =01 + sz,’ + b]Kp
Ci =0dy+ b] K; + boKp

Co = boKi (11)

Here, a; fori=1, 2,3 and b; for j = 1, 2 are nominator and denomina-
tor coefficients of the open-loop system transfer function which de-
scribed by (6) and, K, and K; are proportional and integral gains of
the PI controller, respectively. As given in Eq. (10), order of the
closed-loop system is 5, and for applying Kharitonov’s theorem on

[by.by] = [2.7081e + 14,2.2157e + 14]
[by,b;] = [1.2113e + 06,9.9108e + 05]

[b;,b,] = [8.5559€ + 07,7.0003e + 07] (13)

The normalized polynomials characteristic equation of the closed-
loop system including a PI feedback controller was described in
(10). As indicated, for applying Kharitonov’s theorem, it is just
needed to check the Hurwitz criterion for three polynomials given
in (12). Some algebraic operations result a set of nine inequalities
which are presented in the appendix. These inequalities are satis-
fied for some K, and K; as shown in Fig. 4.
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Fig. 10. The PCC voltage after a step load disturbance in real load (a), the PCC current after a step change in real load (b), the active and reactive power curves (c), d and q
voltage component curves (d), the step load disturbance is occurred at 0.3 s.

4.5. Fine tuning using D-stability concept the polynomial characteristic equation in a specific region (D re-
gion). As shown in Fig. 4, there are numerous pairs of K, and K;
To ensure both robust stability and robust performance (e.g. for selection. Using D-stability approach, the most suitable values

desirable transient response) it is important to keep the roots of of K, and K; to keep the roots of characteristic equation in specified
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Fig. 11. Reconnection to the main grid at 0.4 s: (a) the PCC voltage and its estimated magnitude, (b) the PCC current, (c) real and reactive power curves, (d) direct and
quadrature voltage components.

region, can be selected (Fig. 5). Here, according to Fig. 5, the PI con- The basic geometry associated with the zero exclusion condi-
troller parameters are fixed at K, =491 and K; =9.4. tion [3-5], for 0 < w < 50 kHz, is fully demonstrated in Fig. 6. Based
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on the zero exclusion condition closed-loop system with designed
PI controller is robustly stable if and only if, the rectangle plots do
not include the origin of plane. This issue is clearly confirmed in
Fig. 6a and b.

4.6. Voltage control framework

Voltage stability is the ability of a power system to preserve
steady state of voltages at all buses in the power system under nor-
mal operating conditions and, after occurring different distur-
bances [11,15]. Proposed control framework for system voltage
control is shown in Fig. 7, in which V. is converted to the dq volt-
age components. Direct voltage component is compared with 1,
and quadrature voltage component is compared with 0. The re-
sulted errors will be minimized with the robust PI controller. The
PI controller parameters as described, were fixed at K, =491 and
K;=9.4. Once again, the dq voltage components are converted to
the abc-frame and after a delay block and a PWM generator, the
control action signals to control the VSC are provided.

5. Performance evaluation

In this section, some properties of the closed-loop system are
presented. Then, the MG system performance is evaluated via sev-
eral simulations in the MATLAB/SIMULINK environment.

5.1. Closed-loop system features

With substituting values of K, and K; which were obtained fol-
lowing the application of Kharitonov’s theorem and D-stability ap-
proach on the MG polynomial characteristic Eq. (10), the
characteristic equation of the closed-loop system is determined
as follows:

T(s) = s° + 144.2s* + 3.827e10s> + 1.55e9s> + 1.209e17s
+2.314e15 (14)

Step response of the closed-loop system is shown in Fig. 8. Compar-
ing the results shown in Figs. 2 and 8, it can be realized that over-
shoot, settling time and transient behavior of the system are
significantly improved.

5.2. Dynamic response following islanding

The MG and main grid are commonly supplying a real load at
1.43 MW, while a reactive load at 710 KVAR is supplying by the
main grid. For a disturbance occurring in the PCC, the MG is sepa-
rated from the main grid. After separation, the MG system must be
able to keep the local load. This capability is shown in Fig. 9. In
Fig. 9a and b voltage and current of one phase at the PCC before
disturbance occurring are shown. At 0.2s, the disturbance is
occurred and the CB is opened. Following this event, the MG
operation is transferred to the islanded mode. After islanding
detection the voltage and current curves at the PCC, are shown in
Fig. 9c and d, respectively. From Fig. 9c, it can be seen that the pro-
posed control strategy provides a desirable voltage performance.
The voltage profile has been stabilized after a small time about
one cycle. As shown in Fig. 9e, after islanding the MG must supply
its real and reactive load alone. Statuses of the direct and quadra-
ture voltage components before and after disturbance occurring is
also shown in Fig. 9f. These components have been fixed at their
reference values. The reference values are considered as 1 and 0
for the direct and quadrature voltage components, respectively.

5.3. System response in the presence of load perturbation

Dynamic Response of the MG system was evaluated following
the MG system separation from the bulk grid. The performance
of the proposed robust control methodology is examined against
a severe step load disturbance of the 300 kW and 100 KVAR at
0.3 s, while the rated power of the system and VSC is fixed at
2.5 MW.

Impacts of the load disturbance are shown in Fig. 10. The volt-
age and current curves after these perturbations are shown in
Fig. 10a and b, respectively. As can be seen following disturbance
accruing, the PCC voltage and current signals are properly stabi-
lized and are returned to their ultimate values.

Increasing in real and reactive power in the MG system follow-
ing load disturbance is shown in Fig. 10c. The direct and quadra-
ture voltage components are also shown in Fig. 10d which are
regulated on their reference values as well. Impact of the load dis-
turbance on the voltage profile is clearly specified by Fig. 10d.

5.4. Going back to the connected mode

As shown in the simulations, the MG system could effectively
handle disconnecting mode and disturbance load occurring in the
islanded mode, suitably. In the following, the MG system perfor-
mance is evaluated when the MG is going back to the connecting
mode. For this sake, after occurring islanding and load disturbance
at 0.2's and 0.3 s, the MG system reconnects to the main grid at
0.4 s and, at same time load disturbance is removed. The MG sys-
tem response after these changing is plotted in Fig. 11. It can be
seen that, the proposed control method can properly handle this
scenario, as well.

When the MG reconnects to the main grid, the voltage profile is
stabilized after a small variation as shown in Fig. 11a. Returning of
the PCC current, real and reactive powers to the nominal values are
also shown in the Fig. 11b and c, respectively. Impact of the resto-
ration on direct and quadrature voltage components can be seen in
Fig. 11d.

6. Conclusion

A significant feature of a MG is ability to supply its local loads in
both connected and disconnected modes. To achieve this goal
effectively, in the presence of perturbations and severe faults ro-
bust control may needed. In this paper, a robust Pl-based voltage
controller based on Kharitonov’s theorem is designed. For fine tun-
ing of the obtained controller, D-stability concept is used as a com-
plementary synthesis step.

Robustness of the proposed controller is evaluated via several
simulations in the MATLAB/SIMULINK environment.

Appendix A. Appendix

The obtained nine inequalities from applying Kharitonov’s the-
orem to make Hurwitz (13) are as follows:
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