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ABSTRACT Load frequency control of power systems is inherently a disturbance rejection issue. This
paper proposes a disturbance observer-based frequency regulation approach for a shipboard microgrid
system with communication delay. The proposed control method consists of the design of both disturbance
observer and load frequency controller. The design of disturbance observer involves the acquisition of
nominal model and the tuning of Q-filter. The nominal model is obtained via the complex curve fitting
technique. Whereas the load frequency controller is designed by the frequency response model matching
approach. The maximum sensitivity index is utilized as a robustness specification to tune both Q-filter
and load frequency controller. The advantage of the proposed method is that inverse response process
dynamics are considered into disturbance observer design to obtain better modeling accuracy and frequency
regulation performance. Simulation examples including comparison with classical methods are presented to
demonstrate the effectiveness of the proposed method.

INDEX TERMS Disturbance observer, load frequency control, shipboard microgrid, complex curve fitting,

frequency response model matching.

I. INTRODUCTION
Marine electrical power systems or shipboard microgrids
(MGs) are important components of marine vessels. Peo-
ple use shipboard MGs to reduce environmental pollution
and prevent global warming, given that distributed energy
resources can be more environmentally friendly than conven-
tional power systems. The development of shipboard MGs
coincides with the aim of International Maritime Organiza-
tion (IMO) by reducing greenhouse gas emissions by 50% by
2050 to satisfy the climate targets of the Paris Agreement [1].
Generally, shipboard MGs with wind turbine (WTG), pho-
tovoltaic (PV), energy storage systems (ESSs), and fuel
cell (FC) can be regarded as islanded MGs. Over the
years, numerous investigations have been conducted on using
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islanded MGs in marine vessels. In [2], a new intelligent
interval type-2 fuzzy logic controller on the basis of sliding
mode control is presented for the DC/DC converters in a
shipboard MG. In [3], a hybrid PV/diesel system with ESS
units is constructed to reduce the cost and environmental pol-
lution. In [4], the stability of a hybrid diesel/PV/battery power
system is studied. In [5], production-demand coordination is
conducted considering the PV production uncertainties in a
shipboard MG. In [6], a multi-objective optimization is car-
ried out for energy management of ESSs in a shipboard MG.
Nevertheless, load frequency control (LFC) is not considered
in [2], [3], [4], [5], and [6], which plays a critical role in
shipboard MGs.

The LFC of MGs aims at realizing the balance between
generation and demand under variations of renewable energy
sources (RESs) and loads. In [7], a new approach for LFC of
a shipboard MG is proposed. In [8], robust mixed p-synthesis
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based controller is presented for LFC of a shipboard MG.
In [9], interval type-2 FOFPD/FPI controller is performed for
LFC of a shipboard MG. In [10], Kalman filter is utilized
for LFC of a shipboard MG. In [9] and [11], the LFC is
performed for a shipboard MG system with communication
delay. Recently, new design of LFC is proposed for a ship-
board MG including wave energy conversion systems [12].
In [13], a novel LFC method is utilized for a shipboard MG
with communication delay via the linear matrix inequality
technique. In [14], delay-dependent stability analysis is pre-
sented for a shipboard MG.

LFC of microgrids is essentially a disturbance rejection
issue. In this regard, disturbance observer is desirable to
achieve fast frequency regulation. In [15], a novel coordinated
control method is presented to improve the dynamic stability
of an isolated wind-diesel hybrid power system via adaptive
sliding mode control and disturbance observer. In [16], LFC
is designed using adaptive law and disturbance observer for
anisolated MG. In [17], the sliding mode LFC is proposed for
a hybrid power system through disturbance observer. In [18],
decentralized LMI-based event-triggered LFC is designed for
power systems with disturbance observer. In [19], a distur-
bance observer method is proposed for a low-inertia MG
system with various distributed energy resources. In [20],
a disturbance observer-based control approach is presented
for frequency regulation of an MG system consisting of diesel
generator and solar PV. In [21], observer-based dynamic
event-triggered control is presented for multiagent systems
with time-varying delay. However, none of the above meth-
ods consider disturbance observer-based LFC design for
shipboard MGs.

In this paper, a disturbance observer-based approach is pro-
posed for frequency regulation of a shipboard MG with com-
munication delay. The control system block consists of the
design of both disturbance observer and load frequency con-
troller. The design of disturbance observer consists of reduc-
tion of nominal model [22], [23], [24] and the Q-filter design.
The load frequency controller is designed utilizing the fre-
quency response model matching approach [25], [26], [27].

The motivation of this paper is to propose a method
that significantly improves frequency regulation perfor-
mance. The contributions of the proposed method are as

follows:
(1) Disturbance observer-based control is proposed for a

shipboard MG with communication delay, compared
with the existing methods which do not involve the
disturbance observer system [12], [13], [14].

(2) The nominal model of disturbance observer is obtained
via the complex curve fitting technique. The Q-filter is
designed by satisfying the maximum sensitivity index.
On the other hand, the load frequency controller is
designed through the frequency response model match-
ing approach.

(3) The proposed disturbance observer-based control uti-
lizes inverse response process dynamics to improve
frequency regulation performance, compared with the
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existing methods [19], [20] which do not involve
inverse dynamics.

(4) Real-world wind power and solar radiation data are
utilized to verify the effectiveness of the proposed
method.

The rest of the paper is organized as follows. Section II
focuses on design of disturbance observer. The design of load
frequency controller is conducted in Section III. Simulation
examples are shown in Section IV. Conclusion is performed
in Section V.

Il. FREQUENCY REGULATION VIA DISTURBANCE
OBSERVER

A. ACQUISITION OF NOMINAL MODEL

The control diagram of the shipboard MG is shown
in Figure 1, where G, = 1/(Tgs+1), Gg =
1/ (Tas + 1), Gre = 1/ (Trcs + 1), Gimt = 1/ (Tim1s + 1),
Gunn = 1/ (Tans+1), Gwrg = 1/ Twres+ 1),
Gpy = 1/(Tpys+ 1), Giwz = 1/ (Timas + 1), Grrx =
1/ (Tfinzs + 1), Gy = 1/ (Ms + D), Grg = 1/ (Tresss + 1),
Gpe = 1/ (Tggsss + 1), C is load frequency controller, c(s)
is the controller output of C, u(s) is the control input, Af is
frequency deviation, Q is the low-pass filter of disturbance
observer, e~ ™ is communication delay, G,4 and G,_ are
non-minimum phase and minimum phase parts of nominal
model, respectively. The system parameters of the control
scheme is shown in Table 1.

As shown in Fig. 1, define Gpgg = 1/ (Tgs+ 1)/
(Tys +1),Gre = 1/ (Tres + 1) / Timas + 1) / (Tans + 1),
Gp = 1/ Ms+ D), Grg = 1/ (Trgsss + 1), and Gpg =
1/ (Tgsss + 1). DOB nominal model can be obtained as

(GDEG + GFC) Gp

G(s) = -
1+ (GDEG/R+GFc/R+GFE +GBE) Gp

ey

Substituting the system parameters in Table 1 into (1), one
obtains

G (s)
9.968 x 10713511 4+ 1.358 x 1072510 + 3.642x10~75°
+2.465x 1072s% + 0.00077s” + 0.01326s° + 0.13435°
+0.808s* + 2.798s3 + 5.119s% + 3.897s + 0.216

6.38x 107 P54 +3.878 x 10712513 4+ 7.746 x 10710512
+5.982x 1078511 +2.439x 1070510 + 6.102 x 10735°
+0.001019s% 4 0.01194s” + 0.09966s° + 0.5853s°
+2.3255* + 5.861s> + 8.398s + 5.305s + 0.2893

)

Note that the original DOB model is of high order. This
poses significant challenges for engineering implementation
of the DOB system. Hence, high accuracy low-order model
(or nominal model) is desirable to design and implement the
DOB loop. The complex curve fitting technique is utilized
here to obtain the expression of low-order model.
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FIGURE 1. The LFC scheme of a shipboard MG system.

TABLE 1. Shipboard microgrid system parameters.

Symbol Nomenclatures Val:l e
R frequency droop coefficient 3
Ty Tq diesel generator governor and turbine 0.08, 0.4
time constants

Tre) Tinvts Traer  FC, inverter, and interconnection time  0.26, 0.04,
constants 0.004

Twre time constant of WTG 1.5

Trc) Tinvos Traez - PV, inverter, and interconnection time 1.8, 0.04,
constants 0.004

Tress Tgess time constants of FESS and BESS 0.1, 0.1

M,D equivalent inertia and damping 0.2,0.012
constants

Desired structure of the nominal model is selected as:
b252 + bis + by
a3s3 +axs? +ays+ 1
where bg = G(0). The frequency response of Gy (s) at
frequency wy is given as
by — by} + jbiowy ok +JjPk
| — o} +jlarox —azop) 8 +jn

G (s) = 3

Gy (jox) = 4)
where oy = by — bza)]%, Br = biwg, 8 = 1 — azw,%, and
T = ajwg — a3w,§.
The numerical difference between G (jwy) and G, (jwy) is
defined as
. ok + jPk
ex =G (jog) — ——— 5
k (k) 5+t (5
Multiplying both sides of (5) by dx+jtk gives

Ok +Jjmi) ex = G (o) (8 +jte) — ar — jP (6)
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Decompose G (jwy) into G (jwr) = ReGy + ImGy, sum-
ming (8 + jtx) ex over the sampling frequency wy, the error
function E is defined as

L
E=) 16 +jm el

_ ZL (ReGy by — ImGyty, — ak)z (7
T ZLak=1 | + (ReGy i + ImG8; — Br)?

By differentiating (7) with respect to a,, and by and setting
the results equal to zero, we get

i (ReGy oy — ImGyty — ag)

a8k oty
ReGy, — ImGy,
day, day

+ (ReGy Ty + ImGy 8 — Br)

0Tk 00
ReGy + ImGy
L day day

oE L
T = D =0 ®

r —doy
(ReGy by — ImGrti, — o)

OE L dby
> -
_ —0
by U 4+ ReGrri + ImGisy — Br) A

ab,

)
It is obtained from (4) that

8ﬂk aak 2 8‘[k 8Tk

—:(,()k’ —:—(,()k,—: _

0by dby day da

a8y,
3 2

= —w), — =— 10
@k 8a2 @k ( )
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Substituting (4) and (10) into (8) and (9) yields
-1

by A A A Al Ags ®1
by Azt A Az A Ass v2
ay | =| As1 Axn Az Az Ass ®3
a Agr Ay Agz Agg Ags ¥4
a3 Asi Asy Asz Asa Ass ®s
(1)
where A = Zé=1 (ReGk a)ﬁ) , A = Zé=1
(mGrey), Az = =iy (IG]* @f), A = 0,
_ L 2 4 . L 3
Ais = 2o (‘Gk‘ @), A = Dy (ImGrey),
An = _Zk 1 (ReGro), Az = 0, Ay =

Zk 1(|Gk| o), Aos = 0, Ay Zé:l (ReGyoy
A = Fpo (ImGea). Ass =~ Ty (|G *w). Asa
0, Azs = Zk 1(|Gk|2wk) AVITNES Zé=lwk’ Ay
0, Ayz = _Zkzl (ReGka)k), Ay = Zé:l (Imkaﬁ ,
Ass = Yoy (ReGray), Asi = 0, Ay = Do,
Ay = =X (ImGray). Asy = =3 (ReGray).
Ass; = Zk 1(Imka£) Q01 = Zé:l (bOImGka)k), ¢ =
Zk 1 (‘Gk‘ wg — b ReGk) Zé:l (boImGyay), 4 =
i1 ImGr, s = Y5 [0? (bO —ReGy)|.

Let L = 30 and oy be the ultimate frequency of G (s)
(wp = 13.4724 in this work). The nominal model G, (s) is
obtained from (11) as

—0.0007s% + 0.0216s + 0.7466 12
0.0023s3 + 0.0289s2 + 0.3177s + 1 (12)

To design the DOB system, Gy (s) is decomposed into
Gy (s) = Gy () Gy— (s), where G4 (s) = —0.0194s + 1,
Gy— (s) = 0.7466(0.0483s + 1)/(0.0023s> + 0.0289s>

+0.3177s + 1).

Note that inverse response process dynamics Gy (s)
have been considered into disturbance observer design to
improve frequency regulation performance, compared with
the existing methods [19], [20] which do not involve inverse
dynamics.

N— ”

G, (s) =

B. DESIGN OF Q-FILTER
It is obtained from Fig. 1 that Af (s) =
Gn (s) =

u@ = —c@—[G,L©0® AF () = Grr (0]
= =) = 0@ [Gl GG ) = Gur (Y (s)]
~ —c(9)~Q) [ Gy (9) Ga(®)u (5) — Gar (9)u(s)]
= e (13)

The above expression means that the load frequency con-
troller C and the Q-filter can be designed independently
from each other. To guarantee the properness of the DOB
system and to compromise between system performance and
robustness, the Q-filter is chosen as

G(s)u(s) and G (s) =
G+ (8) G,— (s). Hence, we have

(14)
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The open-loop transfer function of the DOB system is

G
GL (s) = _Q6)Gni(s) (15)
1+ 0()Gny.(s)
The parameter A in Q(s) is evaluated by satisfying the
desired closed-loop system robustness in terms of

) 1
M =

D p— 1
14+ G (jw) (16)

IIl. DESIGN OF LOAD FREQUENCY CONTROLLER
To obtain satisfactory frequency regulation performance,
define the desired closed-loop transfer function as

(ys+1)e ™
(tes? +281es + 1) (tes + 1)

T(s)= a7
where y and £ are adjustable parameters for the user to
specify, 7. is utilized to achieve the desired robustness of the
closed-loop system.

The desired open-loop transfer function is obtained
from (17) as

G (s) = ——— (18)

The load frequency controller is defined as a practical PID

controller:
2
ars®+ays+1
C@l)=—5—"—" 19

(s) bys? ¥ brs (19)

Define G (s) = G(s)e™™ and 6 = [aa; ai: b; by], the

design of load frequency controller is equivalent to minimize

N . 2
min 3" |C () G (i) = Gy (o) (20)
i=1
Substituting (19) into (20) gives

. N 2 . = 2 . ~ |2
mgm zi:l ‘—aza)i G+ a1jw,G + byw; G- — b1jw,G, + G‘

2D
The design problem is then simplified to
min 1o — |2 (22)
where
—le(/wl) Jjo1G (jor) w%Gr (1) —jo1G, (jor)
o —w3G (jo) szG (jw2) szr (w2) —jwrG, (jw)

R, G on) jon G Gon) @Gy o) —jonG, (ox)
Q= [-G (jo1) — G (jw) - - — G (jon)]"

Define ¥’ = [Re (¥) ; Im(¥)] and Q' = [Re () ; Im(Q)],
(22) is then equivalent to

min [ 2'0 Q| (23)
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which can be solved through the standard least squares
method as

" = (WW’)_I v (24)

Note that ¥ is non-singular. Hence, it can be easily
derived that ¥'Ty’ satisfy the condition of non-singularity.
Equation (24) gives the optimal PID settings as ay = 6*(1),
a; = 0%(2), b = 60*(3), and b = 6*(4).

Note that 6* is a function of 7., which is adjusted by sat-
isfying the desired closed-loop system robustness evaluated
by

1

MS = max - .~ . (25)
w€l0,400) | 1 4+ C (jw) G(jow)

IV. SIMULATION EXAMPLES

The effectiveness of the proposed method is tested through
four illustrative examples. In the first example, the load
frequency control performance is evaluated. In the sec-
ond example, the effectiveness of the proposed disturbance
observer with inverse response dynamics is verified. In the
third example, the improved control performance via distur-
bance observer is demonstrated. In the fourth example, the
real-world wind power and solar radiation data are utilized to
verify the effectiveness of the proposed method.

A. EVALUATION OF LOAD FREQUENCY CONTROLLER

The load frequency control performance is evaluated without
the participation of the DOB system. The adjustable param-
eters in T (s) are chosen as y = l and & = 1.1. To achieve
different desired system robustness, 7. is chosen as 0.5, 0.7,
and 0.9, respectively. The corresponding control parameters
are computed as a, = 0.2476, a; = 0.9029, b, = 0.4376,
by = 1.1897 fort. = 0.5, a2 = —0.0587,a; = 0.3875,b, =
0.0095, by = 1.6779 for . = 0.7, and a» = —0.0170, a; =
0.5320, by = 0.6688, b1 = 2.1559 for . = 0.9.

The control performance is compared with the method
proposed by Yildirim [12], whose controller structure is
a conventional PI form with parameters chosen as Kp =
0.4 and K; = 0.75 to achieve the desired system robustness
evaluated by gain and phase margins. The frequency response
results under load disturbance of AP; = 0.1 are shown
in Fig. 2.

It is shown that the proposed method is flexible in
that an explicit trade-off between system performance and
robustness can be achieved. Increasing t. slows down the
response speed of frequency regulation, but the control signal
gets more smooth. Decreasing 7, speeds up frequency regu-
lation performance, at the expense of more aggressive control
signal.

B. VERIFICATION OF INVERSE RESPONSE PROCESS
DYNAMICS

The effectiveness of the proposed disturbance observer struc-
ture with inverse response process dynamics is verified in
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FIGURE 2. Comparison of load frequency control performance without
the DOB system.

this Section. The filter time constant is chosen as 0.05.
The frequency response results under load disturbance
of APr =0.1 with and without inverse response process
dynamics are shown in Fig. 3.

It is shown that similar frequency regulation performance
can be obtained by both methods. However, the control signal
is significantly less aggressive by disturbance observer with
inverse response dynamics.

C. EVALUATION OF DISTURBANCE OBSERVER

The proposed method with disturbance observer is com-
pared with Yildirim’s method [12]. The parameter t. is
fixed as 0.5. The DOB filter time constant is chosen as
0.03, 0.04, and 0.05, which satisfies the desired robustness
with My =2.11, 1.61, and 1.44, respectively. The frequency
response results under load disturbance of APy = 0.1 are
shown in Fig. 4.

It is shown that significantly better performance can be
obtained by the proposed method with disturbance observer.
Yildirim’s method gives sluggish response speed, whose con-
trol signal acts after the communication delay. Whereas the
disturbance observer takes actions before the communication
delay, which is responsible for faster frequency regulation
performance.
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FIGURE 3. Verification of inverse response process dynamics.

D. EVALUATION UNDER REAL-WORLD WIND POWER AND
SOLAR RADIATION DATA

The real-world solar radiation and wind power fluctuation
data are used to verify the effectiveness of the proposed
method. The solar radiation data are utilized from Aberdeen
(United Kingdom) [7], whereas the wind powe rfluctuation
data are obtained from the National Renewable Energy Lab-
oratory (NREL) [28]. The power fluctuations of PV and WTG
are shown in Fig. 5.

The proposed disturbance observer-based control is com-
pared with Yildirim’s method [12]. The parameter t. is fixed
as 0.5. The DOB filter time constant is chosen as 0.05,
which satisfies the desired robustness with M; =1.44. The
frequency response results under real-world solar radiation
and wind power fluctuation data are shown in Fig. 6.

It is shown that significantly better performance can be
obtained by the proposed method. Yildirim’s method gives
very large response peak values. The proposed method yields
opposite compensation signals of wind power and solar
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FIGURE 4. Comparison of frequency regulation performance with the
DOB system.
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FIGURE 5. Power fluctuations of: (a) PV [7]. (b) Wind turbine generator.

radiation data, which helps give faster frequency regulation
performance.
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FIGURE 6. Comparison of frequency regulation performance under power
fluctuations of PV and wind turbine generator.

V. CONCLUSION

In this paper, the disturbance observer-based control appr-
oach has been proposed for a shipboard microgrid system
with communication delay. Control system design consists
of the design of both disturbance observer and load fre-
quency controller. The disturbance observer is designed via
the complex curve fitting technique. On the other hand, the
load frequency controller is designed through the frequency
response model matching approach. The proposed distur-
bance observer-based control approach has the advantage
that process inverse response dynamics have been considered
into the design to improve frequency regulation performance.
Simulation results show that significant better performance
can be obtained by the proposed method than the existing
methods. Future work aims at disturbance observer-based
control for multi-area microgrids with communication delay.
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