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ABSTRACT In order to reduce the frequency deviation resulting from renewable energy fluctuation and load
variance, the coordination control strategy for isolated wind-diesel hybrid micro-grid is proposed by taking
advantage of smart neural network observer and sliding mode method. For diesel generator system side,
the sliding mode load frequency control including load variance is designed to regulate the output power.
For the wind turbine generator system side, the sliding mode pitch angle control considering load variance
is constructed to smooth the wind turbine generator output power fluctuation. Furthermore, the different
coordinated strategies are proposed to realize the plug and play for the hybrid micro-grid, it is easy to see
that the control accuracy can be improved by the designed neural network adaptive observer and considering
the load variation. The effectiveness of the proposed control strategy is validated through real time digital
simulator platform under different operation condition.

INDEX TERMS Observer, frequency control, isolated micro-grid, wind-diesel system, sliding mode.

I. INTRODUCTION
Power supply is difficult for remote area and island due to
traffic inconvenience, but these areas always have plentiful
wind energy [1]–[3] which can be fully exploited for its clean,
rich and renewable characteristic. Because the wind power
is fluctuated, so the hybrid micro-grid is an effective multi
energy complementary power supply mode. Furthermore,
in order to assure the micro-grid stability operation, the wind
turbine generator (WTG) system side and the diesel gener-
ator (DG) system side need to be equipped with advanced
control strategy together [4]–[6].

The different pitch angle controllers are designed to
smooth the WTG output power [1]–[5]. The proportional-
integral (PI) pitch angle control (PAC) is designed to smooth
the wind fluctuation power, which can reduce the frequency
deviation of the micro-grid through the WTG output power
regulation in [1]. In [2] and [3], the fuzzy PI pitch angle
control is designed to control WTG output power. In [4],
the proportional-integral-differential (PID) neural network
controller is designed to regulate blade pitch angle and keep

the stable power output. The sliding mode (SM) pitch angle
control is designed for wind turbine which can improve the
control system robustness in [5]. The different optimization
methods can improve the pitch angle control effectively and
smooth the output power of WTG. However, in order to
reduce the frequency deviation in the micro-grid, only the
WTG pitch angle control design is not enough.

Considering the load variance in the hybrid micro-grid,
the load frequency control (LFC) is designed for the diesel
system to reduce the frequency deviation [6]. The traditional
LFC is often designed by using PID method [7]–[9]. The
other modern control methods in LFC [10]–[15] have also
been proposed such as fuzzy logic, internal model control,
adaptive control, neural network, SM algorithm and so on.
Especially, SM algorithm is utilized widely to design the
controller because of its strong robustness. In [14], the decen-
tralized SM LFC is designed for multi-area power system
with parameter perturbation, the frequency deviation is atten-
uated according to the load changes and different operation
condition, but the renewable energy is not considered. In [15],
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the third order SM observer-based approach is proposed for
optimal LFC in power networks with partition control.

The above studies may optimize the PAC ofWTG and LFC
of diesel system respectively. In order to further improve the
frequency regulation, the energy storage system is applied to
smooth frequency fluctuation in [16]–[18], but the operation
cost may increase accordingly. In [19], the modified hierar-
chical coordinated control method is applied to reduce the
frequency deviation by utilizing the kinetic energy of WTG
and DG. However, the disturbance of source and load is not
considered.

Based on the analysis, the novel coordinated control strat-
egy is presented for isolated hybrid micro-grid including
source and load disturbance. Furthermore, in order to com-
pensate load fluctuation and improve the control accuracy,
the SM pitch angle control is constructed to regulate WTG
output power with frequency signal compensation, and the
SM LFC based on neural network adaptive disturbance
observer is designed for DG system. The proposed control
strategy cannot only adjust the WTG output power according
to the dynamic reference, but also reduce the frequency devi-
ation and improve the control accuracy through the designed
disturbance observer.

The rest of this paper is organized as follows. The iso-
lated hybrid micro-grid model is constructed in section II.
In section III, the SM pitch angle control of WTG system and
SM LFC of diesel generator system are designed by using
neural network adaptive disturbance observer. The proposed
coordinated control strategy is discussed in section IV. Next
section V shows the Real Time Digital Simulator (RTDS)
results under different operation cases. Finally, the contribu-
tion is summarized and the conclusion is drawn in Section VI.

II. MODEL OF ISOLATED HYBRID MICRO-GRID
The typical isolated hybrid micro-grid is used to design
the coordination control strategy which is composed of
WTG system, diesel generator system and load. The isolated
hybrid micro-grid topological structure diagram is shown
as Fig. 1. where Pd is output power of DG system, Vw is wind
speed, Pg is output power ofWTG system, PL is load demand
power, P̂L is estimated value, PAC is abbreviation of pitch
angle control, radial basis function neural network adaptive
observer (RBF NNAO) is about radial basis function neural
network adaptive observer.

A. MODEL OF DG
The DG LFCmathematical model [20]–[22] is established by
the following equation

1ḟ (t) = −
1
Tp
1f (t)+

Kp
Tp
1Pd (t)−

Kp
Tp
1PL(t) (1)

1Ṗd (t) = −
1
Tt
1Pd (t)+

1
Tt
1Xd (t) (2)

1Ẋd (t) = −
1

RtrTg
1f (t)+

1
Tg

(1Xd (t)−1E(t)+u(t)) (3)

1Ė(t) = KE1f (t) (4)

FIGURE 1. The structure diagram of isolated hybrid micro-grid.

where 1f (t) is incremental frequency deviation, 1Pd (t) is
incremental change in DG output power, 1PL(t) is load
variation, 1Xd (t) is incremental change in governor valve
position, 1E(t) is incremental change in integral control,
Tg is governor time constant, Tt is DG time constant, Tp is
power system time constant, Kp is power system gain, Rtr is
governor speed adjustment coefficient, KE is integral control
gain, u(t) is the designed SM LFC.
The model (1)-(4) can be established as state equation

ẋ(t) = Ax(t)+ Bu(t)+ Hd(t) (5)

where

x =
[
1f (t) 1Xd (t) 1Pd (t) 1E (t)

]T
, d(t) = 1PL ,

A =



−
1
Tp

Kp
Tp

0 0

0 −
1
Tt

1
Tt

0

−
1

RtrTg
0 −

1
Tg

−
1
Tg

KE 0 0 0


, B =


0
0
1
Tg
0

 ,

H =


−
Kp
Tp
0
0
0

 .

B. MODEL OF WTG
The Windmill output power Pw is proportional to the cube of
wind speed [23]–[26], which is denoted as

Pw = 0.5Cp(λ, β)V 3
wρπR

2 (6)

where ρ is air density,R is the radius of thewindmill,Cp(λ, β)
is the power coefficient, β is the pitch angle, λ = ωR/Vw is
the tip-speed ratio, the angular rotor speed ω [23] is as

ω2
=

∫
2
J
(Pw − Pg)dt (7)

where J is moment of inertia for the windmill. Since gen-
erator is connected with windmill, which has large inertia,
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electric transient is disregarded. Then, the output power Pg
of generator [23], [24] can be described as

Pg =
−3V 2

p s(1+ s)R2
(R2 − sR1)2 + s2(X1 + X2)2

(8)

where Vp is phase voltage, R1 is stator resistance, R2 is rotor
resistance, X1 is stator reactance, and X2 is rotor reactance,
s = (ω0 − ω/ω0) is the slip of generator, ω0 is synchronous
angular speed. Equations (6)-(8) are the basic configura-
tion [23] of the WTG.

III. CONTROL SYSTEM DESIGN
The SM method is widely used for power system control
design because of its robustness, quick response and con-
venient calculation for engineering application. Here, the
SM algorithm is applied to design PAC and LFC. Further-
more, the RBF NNAO is designed to improve the SM LFC
and SM PAC precision by using the disturbance estimation.

A. SM LFC DESIGN FOR DG SYSTEM BASED ON RBF NNAO
In the hybridmicro-grid, the DG is controllable power source,
so the SM LFC is designed to adjust the output power, which
can reduce the frequency deviation due to the load and renew-
able source disturbance. In order to improve the SM LFC
precision, the RBF adaptive disturbance observer is designed
to estimate the load disturbance.

The SMLFC design is also divided into two steps. Because
the load variation is unknown, so (5) can be rewritten as

ẋ(t) = Ax(t)+ Bu(t)+ f (t) (9)

where f (t) = Hd(t).
The switching function η1 is selected as η1 = c1x, where

switching gain matrix c1 is designed through pole assign-
ment. Define the equivalent control as variable ueq, which can
be solved through equation η̇1 = 0 together with equation (9)
as

ueq(t) = −(c1B)−1[c1Ax(t)+ c1f (t)] (10)

Substitute (10) into (9), the equivalent control equation is
given as

ẋ(t) = Ãx(t)+ f̃ (t) (11)

where Ã = (In − B(c1B)−1c1)A and f̃ = (In −
B(c1B)−1c1)f (t).
For equilibrium point xe = 0 of linear time invariant

system ẋ = Ãx, there exists positive definite matrix P
which is the solution of the Lyapunov matrix equation
PA+ ATP = −Q for any positive definite matrix Q.
The assumption and theorem is proposed to assure the

stability of (11).
Assumption, The system uncertainty in (11) satisfies∥∥∥f̃ (t)∥∥∥ ≤ ‖β1(t)‖, where β1(t) is positive function, ‖∗‖ is

Euclidean norm.
Theorem 1: When the assumption holds, for any variable

x ∈ Bc(η), the system (11) is stable at any time, where

Bc(η) is the complement of the closed ball centered at x = 0
with radius η = (2β1(t) ‖P‖)/λmin(Qi).

Proof: Select the Lyapunov function v(t) as following,

v(t) = xT (t)Px(t) (12)

Take derivative of (12) together with (11), and use assump-
tion and theorem condition,

v̇(t) ≤ −λmin(Q) ‖x(t)‖2 + 2β1(t) ‖P‖ ‖x(t)‖ (13)

So the equivalent control system is stable for x ∈ Bc(η) at
any time.

The SM LFC is designed by using the reaching law as

η̇1 = c1ẋ = −ε1sgn(η1)ε1 > 0 (14)

where ε1 is positive constant. It is obvious that the hitting
condition η̇1η1 ≤ 0 can be assured. The control law is
deduced by (14) as

ud (t) = −(c1B)−1[c1Ax(t)+ c1f (t)+ ε1sgn(η1)] (15)

The load disturbance f (t) in (15) can be estimated by the
designed RBF NNAO [27] which improves LFC precision.

According the state equation (9) together with the system
output model, the system is extended as{

ẋ(t) = Ax(t)+ Bu(t)+ f (t)
y(t) = Dx(t)

(16)

where D = [1, 0, 0, 0]T , u is input, y is output. The sys-
tem (16) is observable because the matrix [D,A] is full rank.
The load disturbance f (t) can be approximated by the

designed three layers RBF neural networks as

f (t) = W Tσ (x)+ τ (x) (17)

where σ (x) is gauss function,W is the weight matrix between
the hidden layer and output layer of RBF neural network,
τ (x) is approximation error. The estimated value f̂ (t) is
approximately expressed as f̂ (t) = Ŵ Tσ (x̂).
The NNAO can be designed as{
˙̂x(t) = Ax̂(t)+ Bu(t)+ Ŵ Tσ (x̂)+ L(ŷ(t)− Dx̂(t))
ŷ(t) = Dx̂(t)

(18)

where L is gain matrix of observer, ŷ is NNAO output.
Define state error x̃(t) = x(t) − x̂(t) and output error

ỹ(t) = y(t)− ŷ(t), gauss function error σ (x, x̂) = σ (x)−σ (x̂).
According to (16)-(18), the error system can be described as{

˙̃x(t) = AL x̃(t)+ W̃ Tσ (x̂)+ θ (x)
ỹ(t) = Dx̃(t)

(19)

where W̃ = W − Ŵ , AL = A − LD is an asymptotically
stable Hurwitz matrix, θ (x) = W Tσ (x, x̂) + τ (x)is bounded
disturbance and it satisfies ‖θ (x)‖ ≤ ξ̄ , ξ̄ is a positive
constant.

In order to prove the error system stability, (19) can be
transformed as

sx̃(s) = AL x̃(s)+ W̃σ (x̂)+ θ (x) (20)
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Then

ỹ(s) = H (s)(W̃σ (x̂)+ θ (x)) (21)

where H (s) = DT
sI−AL

is transfer function and strictly positive
real function.

Define θ̄ (x) = L−1(s)θ (x), L−1(s) as transfer function with
stable poles, δ(t) = L−1(s)W̃σ (x̂)−W̃ TL−1(s)σ (x̂), ‖δ(t)‖ ≤
cr
∥∥∥W̃∥∥∥

F
, cr is positive number. The (21) becomes

ỹ(s) = H (s)L(s)(δ(t)+ θ̄ (x)+ W̃ TL−1(s)σ (x̂)) (22)

Select H (s)L(s) = CT
c (sI − Ac)−1bc, Cc = [1, 0, 0, 0]T ,

ỹ = Ccz̃, then (22) can be expressed as

˙̃z = Acz̃+ bc(L−1(s)W̃σ (x̂)+ θ̄ (x)) (23)

where Ac ∈ Rn×n.
The stability of (23) can be assured by the Theorem 2.
Theorem 2: The observer error system (23) is stable if the

two conditions |ỹ| > (2ξ̄ − 1
2k1a

2
1)/λmin(Q) and

∥∥∥W̃∥∥∥
F
≥√

(a21/4+ ξ̄ /k1)+(1/2)a1 must be satisfied together with the
designed adaptive law of RBF neural network is

˙̂W = F1
_

σ̄ ỹ− k1F1 |ỹ| Ŵ (24)

where
_

σ̄ = L−1(s)σ̂ .
Proof: Define Lyapunov function as

V =
1
2
z̃TP1z̃+

1
2
tr(W̃ TF1W̃ ) (25)

The derivative of (25) is deduced as

V̇ =
1
2
˙̃zTP1z̃+

1
2
z̃TP1 ˙̃z+ tr(W̃ TF−11

˙̃W )

= −
1
2
z̃TQ1z̃+ ỹ1+ tr(W̃ TF−11

˙̃W ) (26)

where 1 = L−1(s)W̃σ (x̂)+ θ̄ (x).
Substitute the adaptive law (24) into (26), according to the

definition of trace, tr(W̃ T _σ̄ ỹ) = ỹW̃ T _σ̄ , and ‖z̃‖ ≥ |ỹ|,
the (26) can be described as

V̇ = −
1
2
z̃TQ1z̃+ ỹ1+ tr(W̃ TF−11 (−F1

_

σ̄ ỹ+ k1F1 |ỹ| Ŵ ))

= −
1
2
z̃TQ1z̃+ ỹ(W̃ T σ̄ + δ(t)+ θ̄ (x))− ỹW̃ T _σ̄

+ tr(W̃ T k1 |ỹ| Ŵ )

≤ −
1
2
λmin(Q) ‖z̃‖

2
+ |ỹ| (cr

∥∥∥W̃∥∥∥
F
+ ξ̄ )

+ k1 |ỹ| (WM

∥∥∥W̃∥∥∥
F
−

∥∥∥W̃∥∥∥2
F
)

= − |ỹ| [
1
4
λmin(Q1) |ỹ| +

1
4
λmin(Q1) |ỹ| − ξ̄

+ k1(
∥∥∥W̃∥∥∥

F
−

1
2
a1)2 −

1
4
k1a21] (27)

So V̇ < 0 as a1 = WM + cr
/
k1. The stability of (23) can

be assured. The disturbance in (16) can be replaced by the
estimation d̂(t), the improved control law is given as

uD(t) = −(c1B)−1[c1Ax(t)+ c1Hd̂(t)+ ε1sgn(η1)] (28)

B. SM PAC DESIGN FOR WTG
Considering the WTG output power participation, uw is
defined as the compensated control input of PAC, so equation
(1) can be rewritten as

1ḟ (t) = −
1
Tp
1f (t)+

Kp
Tp

(1Pd (t)−1PL(t)+ uW ) (29)

The model (2)-(4) and (29) can be established as

ẋ(t) = Ax(t)+ B1uW (t)+ f (t) (30)

where B1 = [ KPTP 0 0 0 ]T .
For the state equation (30), the switching function η2 =

c2x and the reaching law η̇2 = c2ẋ = −ε2sgn(η2)ε2 > 0 are
used to obtain the control law as follow,

uW (t) = −(c2B1)−1[c2Ax(t)+ c2Hd̂(t)+ ε2sgn(η2)] (31)

The corrected angular rotor speed ωW can be expressed as

ωW = (1+
uW −1Pg
1Pg

)ω =
uW
1Pg

ω (32)

From (6), the gearbox torque Tw(β,Vw, ωW ) [28] is
deduced as the following equation

Tw(β,Vw, ωW ) =
Cp(λ, β)V 3

wρα

2ωW
(33)

where α = πR2. The accurate state equation of WTG model
is hardly established because of its strong nonlinearity. There-
fore, the linear state space model can be obtained by Taylor
series expansion around the appropriate operation point. The
high order terms are ignored, Tw(β,Vw, ωW ) is calculated at
rated operation (βop,Vwop, ωop) as

1Tw = Ā1ωW + B̄1β + C̄1Vw (34)

where

Ā =
V 2
wopρα

2ωop
(R
∂Cp
∂λ
−
Vwop
ωop

Cp), B̄ =
V 3
wopρα

2ωop

∂Cp
∂βop

,

C̄ =
ρπR2

2
(3Cp

V 2
op

ωop
−RVwop

∂Cp
∂λ

), 1ωW = ωW − ωop,

1β = β − βop and 1Vw = Vw − Vwop.

The WTG [29] can be written as

J
dωW
dt
= Tw − γTg − ςωW (35)

where Tg is generator torque, γ is gear speed ratio, ς is
viscous friction coefficient which can be ignored. Substitute
(34) into (35) at rated operation point, then the state space
equation is given as

1ω̇W =
Ā
J
1ωW +

B̄
J
1β +

C̄
J
1Vw (36)

where 1ωW is state variable, 1β is control input, 1Vw is
disturbance, Ā, B̄, C̄ are constant.

Traditional PI PAC may have long regulation time and
large overshoot under randomness and volatility operation
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case. So SM PAC is proposed for WTG system because of
its quick response and robustness [26].

The SM LFC control includes two relatively independent
parts of the SM surface for the desired performance and the
control law for the system stability.

The switching function of sliding surface is defined as

η2 = c21ωW (37)

where c1 is constant value.
The SM reaching law is selected as

η̇2 = c21ω̇W = −ε2sgn(η2)ε2 > 0 (38)

where ε1 is positive constant, sgn(η1) is sign function.
Substitute (32), (38) into (36), the SM PAC can be derived

as

1β = −

[
Jε2sgn(η2)+ Ā(

uW
1Pg

ω − ωop)+ B̄1Vw
]

C̄
(39)

In order to prove the WTG system stability with the
designed SM PAC (39), the Lyapunov function is selected as

V2 =
1
2
η22 (40)

Take the derivative of Lyapunov function (40) as,

V̇2 = η2η̇2 = −η2ε2sgn(η2) ≤ 0 (41)

Based on the analysis, the WTG system is stable by the
designed SM PAC.

IV. COORDINATION CONTROL STRATEGY OF ISOLATED
MICRO-GRID
The proposed coordination control strategy based on SMPAC
and SMLFC is applied for the isolatedmicro-grid, the control
strategy structure block diagram is shown in Fig.2.

From Fig.2, the coordination control strategy is consisted
of SM LFC, SM PAC and RBF NNOA. SM LFC is designed
for frequency adjustment which can improve the robustness
for practical micro-grid with fluctuation renewable energy
and variable load source. The WTG can be regulated by the
designed SM PAC. The WTG system and the DG system can
work together to improve the microgrid stability. The control
precision of the system is further improved by using the RBF
NNAO to obtain load estimation value.

The proposed comprehensive coordination strategy can be
described and compared as following Table 1.

From Table 1, Eight different coordination strategies are
given which include different control for WTG system,
DG system and load, respectively. The proposed control strat-
egy is composed of SM PAC for WTG side, SM LFC for
DG side, RBF NNAO for load side. The closed loop control
has been compensated between the WTG system and the
DG system. The SM method is used to design the control
which can improve the system robustness for the uncertainties
and random disturbances affection. The adaptive observer
is applied to estimate load value which can improve the
control accuracy. The closed loop control can improve the

FIGURE 2. The control structure diagram.

TABLE 1. Different coordination strategy.

system stability. Some of the strategies in Table 1 may be
tested through simulation in the next section, which can show
the advantages of the proposed strategy.

V. EXPERIMENT RESULTS AND ANALYSIS
To verify the effectiveness of the proposed coordination
control strategy, the controller hardware-in-the-loop (CHIL)
experiments are carried out in a real-time digital simulator
(RTDS) platform. The schematic diagram of the CHIL test
bed setup is shown in Fig. 3, where a RTDS facility for
real-time modeling, a digital-signal-processor (DSP) con-
troller for control firmware verifications, and a RSCAD for
monitoring/control are drawn. To simplify the overall CHIL
configurations and focus on the verifications of the pro-
posed coordination control, the WTG, DG and load together
with the associate control system are simulated in the real-
time simulator with the sampling time of 50µs, whereas the
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FIGURE 3. The experiment structure diagram.

TABLE 2. Simulation parameters.

SM-LFC control algorithm and the adaptive observer are pro-
grammed in the hardware DSP controller. The output signals
of the RTDS are the changing rate of load, DG, and WTG
powers, which are subsequently sent to the DSP controller.
To form up a close-loop between real-time modeling and
controller hardware, the outputs of the DSP controller are uD
and uW, which are eventually feedback to the DG and WTG
control systems for frequency compensation in the real-time
models. By setting up the complete CHIL testbed, five cases
are studied to validate the proposed control strategy and the
results are analyzed in the following sub-sections.

For the isolated hybrid micro-grid, the capacities of wind
power, DG and load are 380 kW, 275 kW, and 480 kW,
respectively. The parameters of isolated hybridmicro-grid are
given in Table 2. The per unit values of the experiment results
can be seen in the following figures. The power reference is
about 550 kW and the frequency reference is about 50 Hz.

There are five cases to test the proposed coordination
control strategy as in Table 1. In case 1, WTG system
is operated under normal MPPT mode and the DG system
is controlled by the traditional PI control. Case 2 shows
two control methods that SM only applied to WTG
system or DG system. In case 3, the SM LFC for
DG system and SM PAC for WTG system are used. Then the

FIGURE 4. The load variation and output of RBF NNAO.

FIGURE 5. The simulation results without SM control frequency
regulation. (a) output power of the DG system and WTG system,
(b) frequency deviation.

proposed coordinated control strategy with intelligent load
estimation is used to restrain the frequency deviation in
case 4. In case 5, the proposed coordinated control strategy
is tested under step load disturbance and step wind speed
disturbance, respectively.

The load variation is shown in Fig. 4. The actual load value
and the estimated value by RBF NNAO is shown as Fig.4.
Here, the simulation time is 180s, neuron is 6, F1 is 10000,
k1 is 0.001.

From the simulation results, the load variation can be
estimated precisely by correcting RBF NNAO weight timely
through adaptive algorithm.

A. CASE 1
In this case,WTG system operates under normalMPPTmode.
The DG system is controlled by the traditional PI control for
secondary frequency regulation.

From the RTDS results in Fig 5, the renewable resource
can be adequately used, however, the frequency deviation
exceeds ±0.2 Hz because of renewable energy and load
fluctuation, sometimes it may large over, which can affect the
power quality seriously.

B. CASE 2
In this case, the SM method is only applied to WTG sys-
tem or DG system. The output power of DG system and
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FIGURE 6. (a) output power (WTG system with SM PAC and DG system
with traditional PI LFC), (b) output power (WTG system with traditional
PI control and DG system with SM LFC), (c) frequency deviation (WTG
system with SM PAC and DG system with traditional PI LFC),
(d) frequency deviation(WTG system with traditional PI PAC and DG
system with SM LFC).

WTG system are shown as Fig 6 (a)-(b) with different con-
trol method. For the WTG system with SM PAC and the
DG system with traditional PI LFC, frequency deviation is
shown as Fig. 6 (c). For the WTG system with traditional
PI control and the DG system with SM LFC, frequency
deviation is shown as Fig 6 (d). The RTDS results show that
case 2 has smaller frequency deviation and smoother than
case 1. The frequency deviation is less than 0.2 Hz during
most of the time, but sometimes it exceeds ±0.2 Hz. From
Fig. 6 (c) and (d), frequency deviation is improved because
the DG system with different LFC.

C. CASE 3
In this case, the double SM method is used for LFC and
PAC design. WTG output power is smoother through
using SM PAC. Renewable energy is still fully utilized
because distributed energy is not involved in frequency man-
agement of isolated hybrid micro-grid. The simulation results
are shown in Fig 7.

FIGURE 7. The simulations result with SM LFC and SM PAC. (a) output
power of DG system and WTG system, (b) frequency deviation.

FIGURE 8. WTG system reference value and output power.

FIGURE 9. Control variable ud by the LFC for the DG system.

From the RTDS results, frequency deviation is restrained
within ±0.1 Hz by using SM LFC for DG system and
SM PAC for WTG system. The output power fluctuation of
DG system is smoother than in case 2. However, this control
method does not make use of the wind energy taking part in
the frequency adjustment.

D. CASE 4
From Case 3, the novel coordinated control strategy is pro-
posed by taking advantage of intelligent load estimation for
frequency deviation restrain. The SM PAC is designed for
WTG system to smooth wind output power, and the reference
value uW of PAC is defined by SM LFC. The SM LFC is
designed for DG system to restore system frequency through
the secondary frequency regulation. The RTDS results
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FIGURE 10. Output waveform with proposed coordinated control strategy
based on intelligent load estimation (a) output power of WTG system and
DG system, (b) frequency deviation.

FIGURE 11. Frequency deviation with step load disturbance.

FIGURE 12. Frequency deviation with step wind speed disturbance.

are shown as Fig.8-10. It can be seen from Fig.8 that
WTG system output power is smoother. From Fig.9, control
variable uD. for the DG system has smaller fluctuation. From
Fig.10, output power of DG system and WTG system are
smoother than the above cases. The frequency deviation is
restrained within ±0.1 Hz.

E. CASE 5
In order to further verify the advantage of the proposed
coordinated control strategy, step load disturbance and step
wind speed disturbance are tested in this case.

At t = 90s, the isolated hybrid micro-grid is disturbed
by step load disturbance (0.1p.u.) and step wind speed dis-
turbance (3 m/s) which is without and with the proposed
coordinated control strategy. The RTDS results are shown as
the following Figures.

From Fig.11-12, the frequency deviation has smaller fluc-
tuation amplitude with the proposed coordinated control
strategy.

VI. CONCLUSION
The coordinated control strategy is proposed to reduce fre-
quency deviation and improve frequency control robustness
for isolated hybrid micro-grid based on intelligent load esti-
mation and SM method. Considering the load variation and
the output power fluctuation of WTG, the RBF NNAO and
the adaptive law are designed to improve the accuracy of
the SM LFC and SM PAC. Different coordination operation
cases are simulated by RTDS platform which show that the
frequency deviation can be properly controlled within smaller
range.
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