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Abstract This chapter introduces a robust control scheme of load frequency control
(LFC) of a micro-grid system integrated with a wind energy system. The control
scheme is based on H∞ and linear quadratic Gaussian techniques. The main idea
of the control design is to be stable against the parameter’s uncertainties and the
load disturbance. A complete model of the power system with the DFIG has been
linearized. This model has been utilized to design both controllers of H∞ and linear
quadratic Gaussian. The H∞ is designed by optimal selecting of the weighting func-
tions to ensure the robustness and to enhance the overall performance. Also, the full
states considering the frequency deviation are assessed based on the standardKalman
filter method. Moreover, the states of the system are applied with the linear quadratic
Gaussian feedback optimal control performance under normal and abnormal oper-
ating conditions. Simulation tests are applied with the purpose of validation of the
overall controllers’ performance. The results proved the superiority of the planned
integration of the wind energy system with the micro-grid.
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1 Introduction

In recent years, wind energy systems have been used to feed loads in remote and
central areas. The wind energy applications are showing great interest due to their
clean and sustainable nature. The advanced control system remedies the effects of
the intermittent nature of the wind energy and it can be used widely even with
weak power systems. This chapter is introduced to present a novel control system
that enhances the stability of wind energy systems in case of normal and abnormal
operation in micro-grids. In recent years, many control approaches are introduced
to act with the impacts of load disturbance to regulate the frequency and voltages
to the normal operating ranges. The variation in the frequency of the power system
mainly depends on active power. Also, voltage control is affected by the variation of
the reactive power too [1–4]. Therefore, the control problem of the power system is
decoupled into two independent issues. The first one is the load frequency control
(LFC), which is affected substantially by the active power control. The other one is
to control the voltage based on regulating the reactive power. LFC is the main point
of research in this chapter.

Energy and environmental topics are directed to integrating more renewable ener-
gies into power systems. Wind energy systems are rapidly increasing and its world-
wide production is forecasted to produce to around 2000 GW in 2030 and 5000
GW in 2050 [5]. Hence, the integrations of the Wind Energy System (WES) with
the power systems are very interesting topics for researchers. Many wind turbines
(WTs) have been developed, among these WTs, the variable-speed wind turbines
(VSWTs) have been considered as the best option for wind energy systems [6–12].
The inertial performance of WTs has been reported in Refs. [6, 10]. A comparison
among the fixed-speed wind turbines (FSWTs) and doubly fed induction generator
(DFIG) based WTs has been presented in [6]. Moreover, the simulation results had
shown that FSWTs and DFIG-based WTs affect the frequency response of small
power systems or micro-grids [6]. In Ref. [10], the presented results showed that an
additional loop should be applied to enhance the machine inertial response of the
WTs.

In recent years, many control schemes are applied to enhance the overall perfor-
mance of such systems [12–14]. In Refs. [3, 15, 16], researchers applied the robust
adaptive methods to act with the uncertainties of the parameters. Other researchers
applied the Fuzzy logic controllers LFC in a two-area power system [17]. Others
applied the artificial intelligence (AI) and genetic algorithms (GA) based controllers
to LFC in [18, 19]. In Ref. [20], the H∞ controller is applied and verified to control
the photovoltaic pumping system. In Ref. [4], a robust control system concerning
the linear quadratic Gaussian (LQG) and coefficient diagram method has been
designed to LFC of a three-area power system. Also, adaptive model predictive
control (AMPC) has been applied for solving the control issue of the LFC in the
presence of a wind energy system [9]. For this reason, in this Chapter, the LFC for
a single-area power system integrated with WES is considered using the combina-
tion of H∞ and LQG controllers. The design methodology computes the optimal
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controller output considering constraints of the frequency deviation and load distur-
bance. The overall dynamic performance of H∞ + LQG is simulated considering
different operation conditions. A comparison among the systemwithH∞ alone, H∞
+ WT, and H∞ + LQG + WT control scheme has been performed and presented in
the results shown in this chapter. The simulation results proved the influence of the
planned scheme. These results showed the superiority of the control systemcompared
to many controllers of wind turbines [21–29].

The rest sections of this chapter have been ordered as follows: The mathematical
model of the system has been presented in Sect. 2. The design of H∞ has been
introduced in Sect. 3. LQG is introduced in Sect. 4. The implementation of the overall
control system has been presented in Sect. 5. Simulation results and discussions have
been introduced in Sect. 6. The conclusion is introduced in Sect. 7.

2 System Dynamics

A. Mathematical description of a single-area system

The structured frequency response of a single-area power system is presented in Ref.
[14]. The overall generator–load dynamic mathematical description is rewritten as
shown in the following equations:
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The diagram showing the logic used in this controller for the power system has
been shown in Fig. 1. Equations (1–3) can be rewritten as a state-space model as
shown in the following equations:
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Fig. 1 The uncontrolled single-area power system

where �Pg denotes the governor’s output variation. �Pm denotes the mechanical
power variation.�f denotes the frequency aberration.�PL represents the load change
while �Pc denotes supplementary control action; and p is a differential operator.
While

(
1
s

)
denotes integral Laplace. Furthermore, Tg and Tt represents the governor

and turbine time constants. y denotes output. While H denotes an equivalent inertia
coefficient. Also, D denotes equivalent damping constant. Moreover, R denotes the
speed droop characteristic.

B. Mathematical Model of Wind Turbine based DFIG

Figure 2 displays a model of DFIG WT using the frequency response [14]. The
presented model of the frequency response can be written as shown in the following

Fig. 2 Model of DFIG WT [14]



Robust Control Based on H∞ and Linear Quadratic Gaussian … 77

Table 1 The parameters
shown in of Fig. 2

X2 X3 T1
1
Rs

Lm
Lss

L0
ωs Rs

equations:
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s · ω = −
(
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Pe = ω · X3 · iqr (8)

For linearization, Eq. (14) can be represented as shown in the following equation:

Pe = ωopt · X3 · iqr (9)

where ωopt denotes the operating point of the rotational speed. While Te denotes
electromagnetic torque, Tm denotes the mechanical torque, ω denotes the rotational
speed. Moreover, Pe denotes the active power of wind turbine, iqr denotes q-axis
rotor current, vqr denotes q-axis rotor voltage. Ht denotes equivalent inertia of WT.
Table 1 displays the applied parameters with respect to Fig. 2.

where
Lss = Ls + Lm ,
Lrr = Lr + Lm ,
L0 = Lrr + L2

m
Lss

.

ωs represents synchronous speed, while Lm represents the magnetizing inductance.
Moreover,Rr andRs represent rotor and stator resistances, respectively. Furthermore,
Lr andLs represent rotor and stator leakage inductances.Moreover,Lrr andLss denote
rotor and stator self-inductances, respectively.

3 H∞ Infinity Controller

The producer of the design the H∞ control scheme mainly depends on the static or
dynamic feedback controller. So, H∞ synthesis has been approved as the following:

i. Formulation: determining the weighting functions of the input and output to
accomplish the robustness and performance necessities.

ii. Solution: the weighting functions may be modified to reach the optimal design
of the controller.
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Fig. 3 Scheme of the plant with H∞

In the proposed wind generation system including H∞ controller, The system
G(s) is the plant with weighting functions of W1(s) corresponding the signals of
error while theW2(s) corresponding the signals of control andW3(s) corresponding
the signals of output. The proper selecting of the weighting functions is the core of
H∞ scheme.

Considering the control system of Fig. 3. The sets of weighting functions have
been chosen to ensure robust performance goals as the following.

The W1(s) assists to realize a good tracking performance, which means in this
case that frequency deviation equals zero. Moreover, the other benefit of the proper
choice of this weighting function is the rejecting of the disturbances. This can be
expressed mathematically as

Z1 = W1(s)[0 − � f ] (10)

The other weight transfer function W2(s) helps to provide the robustness to plant
additive perturbations. This can be expressed mathematically as:

Z2 = W2(s) . u(s) (11)

where u(s) denotes output control signals for H∞ regulator.
Finally, the function W3(s) is essential to determine the closed-loop bandwidth

and sensor noise attenuation at high frequencies, mathematically can be described
as shown in the following equation:

Z3 = W3(s) [P] (12)
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4 Linear Quadratic Gaussian (LQG)

The LFC for a single-area power system has been established using H∞ and LQG
techniques in this Chapter. The LQG is planned using the linear model of the plant,
an integral objective function, and also Gaussian white noise model of disturbance
and noise. Moreover, the LQG involves an optimal state feedback gain “k” and
the Kalman estimator. Furthermore, the optimal feedback gain has been estimated
to achieve the feedback control law u = −kx resulting in the minimization of the
following performance index:

H = ∞∫
0

(
XT QX + uT Ru

)
dt (13)

where Q and R denote the positive definite or semidefinite Hermitian or real
symmetric [15]. Moreover, the optimal state feedback u = −kx could be imple-
mented considering the plant’s full state. So, the states have been preferred to be
frequency variation�f, mechanical power change�Pmi, and governor output change
�Pg. The �f and �Pc have been measured and have been considered as inputs to
the Kalman estimator. The Kalman filter has been utilized in order to observe the
following unmeasured states:

x
∧ = [

� f̂ � p̂m � p̂g
]

The states observation has been estimated based on the following equation:

( ˆ̇x
)

= (A − Bk − LC)x̂ + Ly (14)

where L denotes the Kalman gain. Moreover, the value of the L can be calculated
considering the matrices of Qn and Rn.

5 System Configuration

The control scheme of the complete system has been illustrated in Fig. 4. The system
contains a simplified frequency response model for a single-area power system
considering the integration of the wind energy system and including the proposed
controller H∞ and LQG estimator has been illustrated in Fig. 4.

The measured and reference frequency deviation �f and�fref = 0Hz have
been applied as the inputs of H∞ controller to get the supplementary control
action �Pc. Moreover, the frequency deviation � f and supplementary control
action �Pc are used as the input of the Kalman filter for estimating the states of
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Fig. 4 Single area power system with wind energy system considering the proposed H∞ and LQG
controllers

x̂ = [
� f̂ � p̂m � p̂g

]
. The observed states are growing with the optimal state

feedback gain “k” for getting the optimal control signal.
The subsequent set ofweighting functions have been selected aftermany iterations

in order to achieve the favorite robustness.
For the power system plant, the weighting functions are
W1 = s+0.3

s+0.56 , W2 = s
s+0.04 , and W3 = 1

s+2 .
While for the wind turbine energy system are
W1 = 1, W2 = 0, and W3 = 1

s .
Eachmodel of the plant and theWind turbineDFIG has beenmodeled in Simulink

as input–output system. Then, the MATLAB tool of linmod has been used to extract
a continuous-time linear state-space model. This model is used to plan the robust
controllers of H∞ and LQG.

6 Results and Discussions

Simulation tests are executed to confirm the effectiveness of the presented control
system considering H∞ and LQG controllers in MATLAB/Simulink platform. All
parameters of the system are detailed in Table 2 [2]. Moreover, the data of the DFIG
WT are detailed in Table 3.

TheWT involves 200 of 2MWof VSWTs. Moreover, the parameters ofWT have
been specified in Table 3.

Xm denotes magnetizing reactance. Also, Xls and Xlr denote leakage reactance of
the rotor and stator, respectively.
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Table 2 Single area power system parameters

D (pu/Hz) 2H (pu.sec) R (Hz/pu) Tg (s) T t (s)

0.015 0.1667 3.00 0.08 0.40

(pe)Base = 800 MVA

Table 3 The WT parameters
[14]

Operating point (MW) Wind speed (m/s) Rotational speed

247 11 1.17

Rr (pu) Rs (pu) Xlr (pu)

0.00552 0.00491 0.1

Xlr (pu) Xm (pu) Ht (pu)

0.09273 3.9654 4.5

The generation rate constraint (GRC) of 10% per minute is considered. Moreover,
the maximum value of the dead band for governor has been considered as 0.05 pu
[2].

Case study 1
In this case of study, wind turbine participation is simulated at nominal parameters
and specifications. Two tests have been carried out, the first is to test the system
performance with WT. While the second test has been considering the absence of
the WT. The two cases of tests have been compared with respect to the frequency
deviation and the variation of mechanical power. A step load change is applied
with the value of 0.02 pu at the time of t = 50 s. Figure 5 shows the simulation
results of this case study. In this case, the parameter and data of the power plant
are assumed as the nominal data. So, it is clear the performance of both two cases
is stable. However, it is exposed to the results that the system is slow compared to
those without the participation of WT because of the absence of the WT inertia. The
assumed variation of the wind turbine speed has also been illustrated in the figure.

Case study 2
To validate the proposed H∞ + LQG controller with wind turbine participation, the
dynamic performance of the control systemhas been simulated at nominal parameters
under step load change of 0.06 pu. The simulation results of this case under study
have been revealed in Fig. 6. This figure displays that the performance of the proposed
controller system with wind turbine participation is better than those without wind
turbine participation. The overshoot is decreasing from 0.05626 to 0.0205 with wind
turbine participation. So, integration of theWT led to the enhancement of the features
of the planned controller of H∞ + LQG in this case of study.

Case study 3
The system parameters are varied in this case of study for authenticating the robust-
ness of controller performance. The system is tested under parameter uncertainty



82 A. M. Eltamaly et al.

Fig. 5 Control system response for case 1; with H∞ + LQG controller with the participation of
wind turbines (dash blue curve), H∞ + LQG controller without the participation of wind turbines
(dash-dot black curve)

of the damping and inertia. The simulation results have been shown in Fig. 7. The
system performance under parameter uncertainty is still stable and the proposed
controller with the wind turbine participation is capable of damping the oscillations.
Moreover, the features of the designed H∞ + LQR is associated with those of the
H∞ controller only. The comparison shows that the proposed controller of H∞ +
LQR has the best performance considering overshoot.

Case study 4
In this case of study, the performance of the system has been investigated considering
connecting theWT and disconnecting theWT at 40 and 100 s, respectively. The load
will be assumed o be 0.01 pu at 5 s and is not changed to the end of the simulation
time. The results of this case under study have been exposed in Fig. 8. The figure
displays the performance of the H∞ + LQG and conventional I controllers for the
purpose of comparison and validation. The figure illustrates �Pm, �Ps, � f, and ω

from top to bottom. From the figure, the performance of the H∞ + LQG is the best
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Fig. 6 Control system response for case 2; with H∞+ LQG controller with participation of wind
turbines (dash blue curve), H∞+ LQG controller without participation of wind turbines (dash-dot
black curve)

one concerning the fast response and lower overshooting. While the H∞ + LQG
controller has a very high performance, the conventional I controller performance is
the lowest one.

7 Conclusion

In this chapter, an LFC control scheme considering the H∞ and LQG is planned for a
single-area power system bearing inmind thewind turbine energy system. The future
controllers are planned to work in parallel to guarantee overall stability. Moreover,
the simulation tests have been applied to validate the control system under different
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Fig. 7 Control system response for case 3; with H∞ + LQG controller with the participation of
wind turbines (dash blue curve), H∞ controller with the participation of wind turbines (dash-dot
black curve)

load changes and parameter uncertainties. The overall performance of the proposed
controller of H∞ + LQG has been compared with those of H∞ and conventional I
controller. The obtained results confirmed that the plannedH∞ +LQGhas acceptable
performance and stability. Furthermore, the designed H∞ + LQG has been proven as
a robust controller in contrast to the load variation and parameter uncertainties. Also,
the results specified that the combinationH∞ +LQG andH∞ controllers can give the
required robustness. However, the H∞ + LQG can give a better dynamic response
especially in the case of considering the wind turbine energy system. Moreover, the
priority and effectivity of the H∞ + LQG controller are validated in the case of
severing parameter uncertainties more than H∞ controller.
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Fig. 8 Control system response for case 4; with H∞ + LQG controller (dash blue curve),
Conventional I controller (dash-dot black curve)
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