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Abstract: The main purpose of this paper is to enhance the operation of renewable wind energy
conversion (WEC) systems connected to power systems. To achieve this, we consider a linear
quadratic Gaussian (LQG) control approach for regulating the effects of a WEC system with doubly
fed induction generator (DFIG) on the synchronous generator (SG) rotor speed of the interconnected
power system. First, we present the mathematical formulation of the interconnected power system
comprises a single synchronous generator and a wind turbine with DFIG connected to an infinite
bus bar system through a transmission line. We consider that the system is operated under various
loading conditions and parameters variation. Second, a frequency damping oscillation observer is
designed via Kalman filtering together with an optimal linear quadratic regulator to mitigate the
impacts of the WEC system on the SG rotor speed. The performance of the developed interconnected
power system is simulated using a MATLAB/SIMULINK environment to verify the effectiveness of
the developed controller. In comparison with previously reported results, the proposed approach can
stabilize the interconnected power system within 1.28 s compared to 1.3 s without the DFIG.

Keywords: rotor angle deviations; load frequency control (LFC); linear quadratic Gaussian (LQG);
multi-area power systems

1. Introduction

Generally, power system oscillations are due to the absence of damping torques. In addition,
the use of hybrid distributed energy resources (DERs) is at a level of importance to meet the demand
side. This problem is a real challenge in wind energy conversion (WEC) systems due to the fluctuations
of the wind, which can change the power system inertia [1–3]. Moreover, wind energy has an
intermittent nature, which can affect the generation/load profile [4]. That results in rotor oscillations
of synchronous machines and causes oscillation in other power system variables such as frequency,
voltage, transmission line power, etc. Normally, interconnected power system frequency digression is
within the range of 0.1 to 2 Hz [5].

Several techniques have been used in the literature to design load frequency control (LFC)
systems. Shintai et al. (2014), designed a generic oscillation damping for distributed generators
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via a virtual synchronous approach [3]. In ref. [6], Abo-Elyousr et al. (2019), introduced a novel
approach for associating a virtual inertia resource with a conventional interconnected power system
with synchronous generator (SG) in a two-area system. Similar work was conducted in [7] for massless
inertia photovoltaics. Attaya et al. (2019) conducted a research to enhance the ancillary services by
renewables association with conventional synchronous generator [8]. The authors of [8] concluded that
renewable energy could positively tackle the frequency and voltages events, respectively. In ref. [9,10],
a lead-lag compensator was proposed to handle the LFC problem. Optimal pole placement control
has been employed in [11] for improving dynamic performance. Finally, generic positive real systems
were discussed in [12].

The application of virtual or massless inertia generators have been studied in the literature.
Massless inertia resources are defined as the resources which have inverter and thereby help provide
energy to the grid. Doubly fed induction generator (DFIG) based wind turbines, particularly, those used
to extract the maximum power without reserve, lies in this area of energy resources as the rotor is
connected to the grid via bidirectional converters. The authors of [13,14] discussed the impact of DFIG
based wind turbines, they concluded that robust control is necessary to handle the effects of the DFIG
onto the frequency of the interconnected power system without discussing other effects related to the
deviations the synchronous generator (SG) rotor speeds. Conventional synchronous generators can be
paralleled with wind turbine based generators; however, DFIG based wind turbine can significantly
affect the system frequency. Therefore, proper control is necessary to avoid energy or speed variations
of wind turbine, which can twist the rotor of synchronous machines.

The main problem that is considered in this work emerges from the intermittent nature of WEC
systems, which renders the generation/load imbalance and can lead to frequency digressions problems.
With DFIG-based wind turbines, the high penetration of wind energy in conventional power systems
reduces the overall system inertia [14–16]. Hence, it is important to accurately monitoring wind power
sharing impact on the LFC to avoid SG rotor buckling problems [17–19].

In this work, we develop a load frequency controller to reduce the deviations of the rotor speed of
synchronous machines in power systems connected to WEC system due to wind energy penetration
and fluctuations. Another issue is related to the effect of DFIG-based wind turbines onto the utility
grid frequency, which results in faster changes in the hybrid system frequency due to the changes of
the shared load demands.

Recently, several works have been conducted to allow variable speed wind turbines to contribute
effectively onto load frequency regulations. A meta-heuristic algorithm based on ant colony was
considered in [20] for a two-area thermal system with DFIG-based wind turbine. A load frequency
controller design for a hydrothermal interconnected power system was introduced in [14] using
an improved harmony algorithm, in which one area from the interconnected power system has a
DFIG-based wind turbine. Generally, meta-heuristic algorithms consume time in an off-line manner to
decide appropriate values for the PI controllers. A literature survey of renewable energy resources
including wind energy participation in LFC problem was presented in [21]. The participation of
DFIG-based wind turbine in system frequency regulation by pitch angle control in LFC was introduced
in [22]. However, the results were based on isolated networks. In addition, different methodologies
of DFIG participation in the grid frequency were presented in [23]. A load frequency control using
maximum integer linear programing was developed in [24], which can handle strong wind penetrations.
A method to improve the DFIG-based wind turbine dynamic stability utilizing crowbar and other
hardware equipment parts was introduced in [25]. Furthermore, the impact of DFIG-based wind
turbine on frequency regulation based input-to-state stability formulation was investigated in [1].

The underlying problems include the uncertainty of the system parameters, noisy measurements,
and fluctuations of the wind speed. In practice, linear quadratic Gaussian (LQG) control has a
significant impact on improving system performances when noise and uncertainties are imposed.
Recently, LQG was utilized successively to solve many engineering problems, which motivates the
authors to use the LQG technique to damp out the SG rotor speed deviations of an SG combined with



Energies 2020, 13, 5067 3 of 18

DFIG-based wind turbine connected to infinite bus. LQG has been used in [26] to design a robust
control of an isolated wind-diesel system. In ref. [27], LQG was combined with a coefficient diagram
method to solve a distributed LFC problem. The load and generation balance problem was proposed
for two area interconnected power system in [28] and LQG with genetic algorithm was used in [29]
to solve the LFC issues in the considered power system. A load frequency controller for multi-area
power system via LQG was also used in [30].

The main goals of this work are outlined as follows: (1) To develop a controller which can be
operated under variable wind speeds, several wind power penetrations, and different system operating
conditions. In this concern, the challenge is how to guarantee the stability of the system by damping
the frequency due to the deviations of the SG rotor speed. This can increase the sustainability of the
renewable WEC power system. (2) To successfully suppress the SG rotor speed and angle deviations so
that the SG output power and frequency deviations can be restored within satisfactory settling times.
This can improve power sharing mechanism among both machines and thereby reducing the speed
deviations of the DFIG based machine.

Unlike the approaches in [1,2,5–14,20–24] that considered the availability of all the state variables
online, which is not usually the case in practice, we use the Kalman filter to extract the state
information from the measured output of the system. Despite the rich literature regarding wind
turbines contributions into LFC, there is a lack in the studies, which consider the impact of the wind
energy on the rotor speed of conventional SGs. In addition, DFIG operating at maximum power point
tracking cannot regulate frequency under different load demands. Then, the rate of change of the
frequency and hence the SG rotor speed deviations might increase significantly. Our approach proposed
in this work tries to handle these issues; to carry that out, a dynamic model formulation in state space
representation for the DFIG based wind turbine connected to a convention synchronous generator is
developed, which is used to tackle the load power sharing among the two machines. Next, a controller
is developed via an LQG approach to stabilize the rotor speed of the SG. The effectiveness of the
developed controller is verified through a comparison with the open loop system and a pole placement
controller. The low complexity of the developed controller can avoid several signal measurements as it
relies on the Kalman filter observer and receives few signals from the leader synchronous generator.

The remainder of this work is organized as follows. The problem description was presented
in Section 2. The considered system modeling is introduced in Section 3. Problem formulation is
addressed in part 4. Simulated results and discussions are given in Sections 5 and 6, respectively.
Finally, the conclusions are given in Section 7.

2. System Description

Figure 1 shows a schematic diagram of the interconnected power system under study. It consists
of a conventional synchronous generator combined with DFIG based wind turbine generator [2,10].
As DFIG has been populating within distribution systems or at the level of hybrid microgrids to
provide active or reactive powers; however, the DFIG based wind turbine impact on thermal units’
rotor speed, and hence the onward output frequency with the infinite bus bars, was rarely addressed
before. A target of this study is thus to develop a robust controller such that the effect of the DFIG
based wind turbine on system leader SG can be manipulated appropriately. Herein, since the SG
parameters are dependent on the operating conditions, which adds more uncertainty; therefore,
SG rotor speed response is to be tested at several linearized step demands at heavy, light, lag, and lead
power factor loading conditions. The parameters of the SGs change heavily with the loading conditions.
The derivation of such parameters in terms of the loading conditions is beyond the scope of the current
work. At a loading condition of P = 1 pu and Q = 0.25 pu, the parameters are given as follows:
Xd = 1.6 pu, Xq = 1.55 pu, X′d = 0.32 pu, Xe = 0.4 pu, ωo = 377 rad/s, M = 10, D = 0, TA = 0.06,
KA = 25, Tt = 0.27, Tg = 0.08, R = 1.82, in which Xd and Xq are the direct and quadrature axis reactances,
X′d is the transient direct axis reactance, Xe is the armature leakage reactance, ωo is the synchronous
speed, M is the moment of inertia, D is the damping coefficient, and R is the frequency regulation [2].
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Figure 1. Structure diagram of the hybrid distributed energy resource.

3. System Modeling

A major target of this study is the formulation of two combined machines such that the small
signal stability and performance are investigated. Figure 2a demonstrates the block diagram of the
conventional SG Concordia model, which comprises the primary frequency control, power system
stabilizer (PSS), and the power that can be supported by the DFIG based machine to meet the load
demands. The mechanical energy of the DFIG is given in Equation (1), in which He is the inertia
constant of the DFIG machine, ∆PNC is the DFIG supported power, and ∆PNC,re f is the reference
command power for the DFIG machine:

2He
dωd
dt

= ∆PNC,re f − ∆PNC. (1)

Provided that the DFIG rotor speed deviations are regulated by a PI controller (Kwp, Kwi), the wind
turbine transfer function is given in Equation (2), in which τa is the wind turbine time constant [14]:

1
1 + sτa

(2)

Combining Equations (1) and (2), and the PI speed regulator, the DFIG based wind turbine model
is obtained as shown in Figure 2b. The development of the system described in Figure 1 is thus
tailored in the developed modified Concordia configuration demonstrated in Figure 2c [2]. The system
demonstrates a combination of automatic voltage regulator (AVR), simple frequency control loop,
and DFIG based wind turbine model [9,20]. Another important point is related power electronic
converters that will be used for integrating wind to the AC grid, thereof the washout filter and the
frequency measurements are used as a decentralized power sharing mechanism. The washout filter
helps consider the SG frequency impact on the power delivered to the rotor side of the DFIG based
machine via an inverter in a manner that approximates the derivative of the input SG rotor speed
signal [31,32].
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Provided that the speed is given in a stationary reference frame, the developed linearized system
is described in Equations (3)–(13), in which ∆ωr and ∆ωd are the speed deviations of the SG and the
DFIG based machines, as follows:

∆
.
δ = ωo ∆ωr (3)

∆
.
ωr = −

K1

M
∆δ−

D
M

∆ωr −
K2

M
∆E′q +

1
M

∆TM +
1
M

∆PNC −
1
M

Pd (4)

∆
.
Eq = −

K4

Tdo
∆δ−

1
K3Td0

∆Eq +
1

Td0
∆E f d (5)

∆
.
E f d = −

KAK5

TA
∆δ−

KAK6

TA
∆Eq −

1
TA

∆E f d +
KA
TA

∆U1 (6)

∆
.
Tm = −

1
Tt

∆Tm +
1
Tt

∆Pg (7)

∆
.
Pg = −

1
RTg

∆ωr −
1

Tg
∆Pg +

1
Tg

∆U2 (8)

∆
.
PNC = −

1
Ta

∆PNC −
1

ReTa
∆x2 −

1
Ta

∆x3 +
1

KwpTa
∆ωd −

1
KwpTa

∆ω∗d (9)
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∆
.
x1 =

1
Tr

∆ωr −
1
Tr

∆x1 (10)

∆
.
x2 =

1
Tr

∆ωr −
1
Tr

∆x1 −
1

Tw
∆x2 (11)

∆
.
x3 = −Kwi

(
∆ωd − ∆ω∗d

)
(12)

∆
.
ωd = −

1
2He

∆PNC +
1

2He
∆PNC,re f (13)

where ∆δ is the rotor angle deviation, ∆
.
Eq is the armature induced electromotive force, ∆E f d is field

winding or exciter electromotive force, ∆Tm is the developed mechanical torque, ∆Pg is the governor
output power, Tt and Tg are turbine and the governor time constants, and ∆U1 and ∆U2 are control
vectors. The state space variable form of the above system equations is given in the matrix form as in
Equation (14), in which the superscript T refers to matrix transposition and ∆Pd is the deviation of the
load demands:

∆
.

X = A ∆X + B ∆U + Bd
[
∆Pd ∆PNC,re f ∆ω∗d

]T
(14)

4. Problem Formulation

The combination of the linear quadratic regulator (LQR) and Kalman filter culminates into the
optimal LQG controller. First, an overview about the LQR and Kalman filter will be introduced. Finally,
the LQG will be described.

4.1. Linear Quadratic Regulator

The controllable system is given in state space form as shown in Equation (14), where X is the
state vector of dimension (11 × 1), U is the control input of dimension (2 × 1), and A, B are the system
and input matrices, respectively, of appropriate dimensions. The state feedback controller is given as:

U = −KX (15)

The LQR design procedures minimize a quadratic performance index as in Equation (16):

J =
∫
∞

0

(
XTQX + UTRU

)
dt (16)

.
X = AcX, (17)

Ac = A− BK (18)

If Si = siR + jsii is a closed loop pole of (18) and Λi = λiR + jλii is an open loop of (12), then a
positive real parameter αi exists to satisfy the optimality conditions as in Equation (19):

αi = −
siR + λiR

2
(19)

Then, an algebraic equation can be formulated as in Equation (20):

P(A+ ∝ I) + (AT+ ∝ I)P− PBR−1BT + Q = 0. (20)

Under these conditions, the feedback gain vector is given as K = R−1BT and Q = 2 ∝ P, where
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A =



0 ωo 0 0 0 0 0 0 0 0 0
−

K1
M −

D
M −

K2
M 0 1

M 0 1
M 0 0 0 0

−
K4
Tdo

0 −1
K3Td0

1
Td0

0 0 0 0 0 0 0

−
KAK5

TA
0 −KAK6

TA
−

1
TA

0 0 0 0 0 0 0
0 0 0 0 − 1

Tt
1
Tt

0 0 0 0 0
0 − 1

RTg
0 0 0 − 1

Tg
0 0 0 0 0

0 0 0 0 0 0− 1
Ta

0 −1
ReTa

−
1

Ta

Kwp
Ta

0 1
Tr

0 0 0 0 0 − 1
Tr

0 0 0
0 1

Tr
0 0 0 0 0 − 1

Tr
−

1
Tw

0 0
0 0 0 0 0 0 0 0 0 0 −Kwi

0 0 0 0 0 0 − 1
2He

0 0 0 0


∆X =

[
∆δ ∆ωr ∆E′q ∆E f d ∆TM∆Pg ∆PNC ∆x1 ∆x2 ∆x3 ∆ωd

]T

∆U = [∆U1 ∆U2 ]
T

B =

 0 0 0 KA
TA

0 0 0 0 0 0 0
0 0 0 0 0 1

Tg
0 0 0 0 0


T

Bd =


0 −1

M 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1

2He

0 0 0 0 0 0 −1
KwpTa

0 0 −Kwi 0


T

4.2. Kalman Filter

The LQR implementation requires all the system states to be measurable for proper feedback.
However, internal states are not available in most cases. Designing an appropriate controller requires
an observer for the inaccessible states. This depends on measuring the output states. Such state
observer is interpreted as Kalman filter when noise is considered. The onward observer optimality is
guaranteed using noise signals as given in Equations (21) and (22), respectively:

.
X = AX + BU +ω (21)

Y = CX + DU + v (22)

where A, B, C, D are the plant state space variable matrices, ω: the input process noise vector, and v is
the output measurement noise vector. The optimal observer is given by:

.̂
X = AX̂ + BU + L(Y −CX̂), (23)

where X̂ is the observer estimation for the variable states X, and L is the Kalman filter gain matrix and
calculated as:

L = PCTv (24)

The Kalman filter gains can be computed by into solving the algebraic Riccati equation as in
Equation (23):

AP + PAT
− PCTV−1CP + BωBT = 0 (25)

4.3. Linear Quadratic Gaussian

LQG has significant impact to damp out the synchronous generator rotor speed deviations,
particularly if the wind uncertainties or measurement noises are considered. Due to the separation
principle, the LQR and the Kalman filter are designed separately. Combining the LQR and the Kalman
filter together leads to the so-called LQG controller demonstrated in Figure 3, in which X̂ and Ŷ are the
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observer estimation for the variable input and output states. The plant shown in Figure 3a corresponds
to the Equations (3)–(13), which are embedded in Equation (14). As shown in Figure 3b, the operation
based on the LQG controller starts by reading the parameters of each machine, the DFIG rotor speed,
the output power deviations, and the loading conditions. Then, the LQR is constructed with the help
of designing the matrices Q and R as in Equation (14). It is worth mentioning that the process noise in
this hybrid machine system appears in the measurements of the frequency, the wind speed, and power.
In turn, a noise filter design is considered according to Equation (26):

J′ =
∫
∞

0

(
XTQoX + UTRoU

)
dt. (26)
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Thus, the proper design of the Kalman filter matrices Qo and Ro is related to the power of the process
and measurements noises. Finally, the simulation is performed as shown in Figure 3a. The output
signal Y depends on the assigned C array. In particular, the rotor speed and rotor angle deviations
were utilized to estimate the other states using the Kalman filter, which can reduce the required sensors
and transducers in real applications. In addition, the developed approach is straightforward with low
computational complexity.

4.4. Pole Placement Control

The study of the characteristic polynomial of the DFIG association with the conventional
synchronous generator is given as (sI-(A-BK)), in which I is the identity matrix, A and BK are
the 11 by 11 matrix. The study of this matrix demonstrates that this characteristic polynomial has two
complex poles. The feedback design procedures are thus to shift the real part of the complex poles
ten times on the left-hand side of the s-plane, thereby moving the poles to the desired location at the
expense of the control vector K.

5. Simulated Results

The work in this study is considered a power system stabilizer (PSS) since the control signal
∆U1 modifies the exciter voltage. To cover the uncertainties embedded in the wind speed, power,
and the synchronous machine parameters, which is highly affected by the loading conditions, several
operating and load conditions are investigated. In addition, the robustness of the designed controller
at the SG association with the DFIG-based wind turbine is investigated with several test cases.
With the formulation of the combined machines described above, a linearized system in a stationery
reference frame of the SG association with DFIG and the developed controller are implemented via
Matlab/Simulink 2015a with a target to prove the efficacy of the developed controller against such
inherent uncertainties. The parametric values of DFIG based system is given in Appendix A.

Provided that the system parameters of the SG given in the appendices are being changed with
loading conditions and power factor, the matrices Q and R in Equation (14) are chosen as:

Q =



1000 0 0 0 0 0 0 0 0 0 0
0 100 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0


R =

[
20 0
0 20

]
The observer filter matrices Qo and Ro are designed as:

Qo = 1 × 10−3 diag[0 0 0 0 0 0 1 0 0 1 1]

R0 = 1 × 10−8
×

[
1 0
0 1

]
The observer gain matrices are given by:
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K =

[
−0.35 − 333.89 5.05 0.03 − 3.55 − 0.62 − 3.24 − 0.19 0.55 1.32 − 2.09

0.19 189.31 − 2.85 − 0.02 2.0 0.34 1.84 0.09 − 0.29 − 0.69 1.10

]
L =

[
47.54 3.01 − 0.23 26.05 − 0.060 − 0.65 408.39 1.01 1.003 − 96.94 308.47

3.01 0.29 − 0.01 0.743 − 0.002 − 0.05 49.57 0.07 0.075 − 12.24 39.39

]
For the pole placement technique, the desired poles vector is decided as

P = [−0.363 − 7.0288i, −0.363 + 7.0288i − 14.2948, −12.5179, −10.0274, −4.6976,
−3.6871, −2.7609, −0.1745, −0.1652, −0.1020]

Additionally, the control gain matrix is given as:

Kpole placement =

[
0.057 − 1.698 − 0.024 − 0.0037 − 0.04 − 0.011 − 0.039 − 0.015 0.022 0.091 0.18
−0.25 4.90 − 2.48 − 0.087 0.266 0.1757 0.2433 0.262 − 0.306 0.103 − 0.393

]
5.1. Scenario 1: Step Change in the Power Demand

A 0.05 pu step load demand disturbance is applied at normal load (i.e., P = 1 pu, Q = 0.25 pu [2]).
Figure 4a,b shows the rotor speed and rotor angle transient digressions responses. For the LQG
controller, the control signal vector is shown in Figure 4c. The open loop system is still stable with
the DFIG-based wind turbine. The insertion of DFIG-based wind turbine makes the system without
controllers suffer from damped oscillations, which is an undesirable response compared with the
designed LQG controller. The pole placement technique demonstrates longer settling time to dampen
out the rotor speed oscillations. The designed LQG with the DFIG-based wind turbine controller gives
satisfactory results. The control vector inputs are stable and bounded. In addition, it can suppress all
oscillations efficiently.
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5.2. Scenario 2: Impact of Light Loads

In this scenario, a 0.05 pu step load demand was applied at a light load of P = 1.1, Q = 0.1 pu.
Figure 5 demonstrates the rotor speed and rotor angle transient digressions’ responses. The applied
load of the DFIG based wind turbine association with synchronous generator makes the system without
a controller suffer from undamped oscillations regarding the rotor speed deviations, which thus results
in instability in the long term. Without control, the original system conducted in [2] was investigated
to be stable with suppressed oscillation at light loads. The insertion of the DFIG generator thereby
undermines the system stability. The whole system inertia might decrease slightly, which results in
the undamped oscillations response. It is clear that the developed LQG controller is still powerful in
damping out all oscillations and the robustness of the developed controller is confirmed.Energies 2020, 13, x FOR PEER REVIEW 13 of 19 
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5.3. Scenario 3: Impact of Heavy and Lead Power Factor Loads

In this scenario, a 0.05 pu step load demand was applied at (P = 1 pu, Q = − 0.25 pu) and
(P = 1 pu, Q = − 0.8 pu). Figure 6 shows the rotor speeds transient digressions responses for both cases,
respectively. As expected, the open loop system is unstable at heavy and lead power factor loads.
The developed LQG controller demonstrates satisfactory behavior. It is more efficient in enhancing
the damping characteristics of the DFIG-based wind turbine association with a leader synchronous
thermal power system.

Energies 2020, 13, x FOR PEER REVIEW 13 of 19 

 

  

(a) (b) 

Figure 5. SG performance due to 0.05 pu step load demand at P = 1.1 pu, Q = 0.1 pu. (a) Rotor speed 

deviation; (b) Rotor angle deviation. 

5.3. Scenario 3: Impact of Heavy and Lead Power Factor Loads 

In this scenario, a 0.05 pu step load demand was applied at (P = 1 pu, Q = − 0.25 pu) and (P = 1 

pu, Q = − 0.8 pu). Figure 6 shows the rotor speeds transient digressions responses for both cases, 

respectively. As expected, the open loop system is unstable at heavy and lead power factor loads. The 

developed LQG controller demonstrates satisfactory behavior. It is more efficient in enhancing the 

damping characteristics of the DFIG-based wind turbine association with a leader synchronous 

thermal power system. 

  

(a) (b) 

Figure 6. SG rotor speed deviations due to 0.05 pu step load demand at lead power factor. (a) At P = 

1 pu, Q = − 0.25 pu; (b) At P = 1 pu, Q = − 0.8 pu. 

5.4. Scenario 4: Impact of DFIG Nonconventional Wind Power Contribution 

The power produced by the DFIG based machine is called in this context nonconventional power 

to treat it as different from the conventional synchronous generator power. With the conditions of 

scenario 1, the deviation in the nonconventional power is given in Equation (27), in which α is the 

wind energy participation index: 

𝛼 =
𝑃𝑁𝐶

𝑃𝑔
 (27) 

where 

𝑃𝑁𝐶: is the total wind generation, 

𝑃𝑔: is the total generated conventional power. 

Figure 6. SG rotor speed deviations due to 0.05 pu step load demand at lead power factor. (a) At P = 1
pu, Q = − 0.25 pu; (b) At P = 1 pu, Q = − 0.8 pu.



Energies 2020, 13, 5067 13 of 18

5.4. Scenario 4: Impact of DFIG Nonconventional Wind Power Contribution

The power produced by the DFIG based machine is called in this context nonconventional power
to treat it as different from the conventional synchronous generator power. With the conditions of
scenario 1, the deviation in the nonconventional power is given in Equation (27), in which α is the
wind energy participation index:

α =
PNC
Pg

(27)

where
PNC: is the total wind generation,
Pg: is the total generated conventional power.
To investigate the capability of the developed LQG controller due to the contribution of wind

energy penetration growth in the total power system, several values of α will be considered in this
scenario. Some of the system performances are given from Figure 7. More wind power penetration into
the power system increases the steady state rotor angle. In addition, it results in transient overshoot in
the speed deviations. Thus, the capability of the developed LQG controller is proved satisfactorily in
solving such load frequency problem.
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5.5. Scenario 5: Impact of DFIG Wind Speed Deviations

The impact of the wind speed is investigated at the normal load. The system performances are
shown in Figure 8. The increase in wind speeds results in increasing the transient over/under shoots of
the conventional synchronous machine rotor speeds and angle deviations. Due to the wind speed
intermittent nature, the DFIG-based wind turbine output power is vulnerable for speed variations,
which yields a noise signal from the instruments used to sense wind speed signal [31]. Such speed
variation can be represented in process noise. The significant appeal for the LQG control is its ability
to maintain the stability against the process noise. To demonstrate the robustness of the developed
controller, a noise signal with signal to noise ratio (SNR) of 0.005 (i.e., 46 dB) is superimposed to the
wind speed signal. The impact of the wind speed noise upon the conventional machine rotor speed is
shown in Figure 9. It is clear that the rotor speed deviations of the synchronous machine are bounded.
Thus, the robustness of the developed controller in solving the load frequency problem against wind
speed process noise was affirmed.
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5.6. Impact of the SG Speed Deviation on the Stability of the WEC System

One of the objectives of this study is to ensure stability of the WEC system based on the DFIG.
Unlike SGs, DFIG based machines can operate above or below the synchronous speed to harvest
the maximum wind energy. However, the changes of the SG rotor speed vary the delivered output
power and the frequency of the transmission line, which affects the power sharing transient operation.
Under the same operating conditions of scenario 1, Figure 10 demonstrates the response of the DFIG
at the normal load where the SG rotor speed deviations demonstrated in scenario 1 affect the behavior
of the DFIG machine. It is obvious that the developed LQG controller can dampen the DFIG rotor
speed and the output power deviations.

5.7. Settling Time

The settling time is the time taken for a state to reach within 2% of its steady state. Table 1
gives several settling times values of previously reported results from the literature. Generally, the
studied done before under load frequency control area are divided into interconnected area with and
without renewables. The developed LQG here outperforms the other approaches, as given in Table 1,
which shows a settling time of 1.28 s. It should be noted that meta-heuristic algorithms, which involve
heavy computations, give relatively larger values for the settling time.
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Table 1. Settling time of interconnected power systems at normal load (s).

With DFIG Without DFIG

Without
control

Pole
placement LQG IHS

[14]
MILP
[24]

AC
[20]

ANFIS
[33]

Pole-shifting
control [2]

Pole
placement [2]

CS
[34]

19.9 10.6 1.28 22.5 ~150 19.5 31.6 1.3 15 25.9

6. Discussion

From the above case studies and load conditions, the following remarks can be drawn:

• Since SGs with damping torques are stable systems, it is common to include open loop
simulations [10,11] together with closed-loop results in order to assess the quality of the response
and to show the consequences of control failure, which can be very useful information for safety
considerations. Since the damping coefficient D is set to zero in the studied cases, the open loop
machines combination is being vulnerable for load changes and operating conditions. The results
here demonstrate that the synchronous generator response changes from sustained oscillations in
open loop to completely damped response in closed loop under heavy loading conditions.

• At normal load, the system maintains its stability with and without the developed controllers as
in Figure 4.

• At light, heavy, and leading power factors, the system is unstable without control. However,
the developed controller has a high capability to stabilize the hybrid distributed interconnected
DER system with the DFIG-based wind turbine.

• The developed controller is able to keep the system stability due to the changes on the
nonconventional wind power production.

• The speed deviations response is bounded due to the wind speed noise as in Figure 9.
• The impact of wind speed upon the synchronous generator speed and angle deviations is stronger

compared to the impact of DFIG nonconventional power.
• The designed DFIG shows satisfactory performance compared to previously reported results in

terms of the settling time as shown in Table 1.
• The impacts of the SG rotor speed and angle deviations on the performance of the DFIG output

power as shown in Figure 10 can lead to changes of the operation of the WEC system from the
maximum power point tracking curves.

• In this work, only the results are limited to the synchronous generator rotor speed and angle
deviation. The reason is related to the nature of synchronous machines, whereby the rotor is
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twisted due to such deviations unlike DFIG rotor, which could operate satisfactorily at sub or
super the synchronous speed.

• Another limitation is related to nature of this work, which can only be applied for WEC systems.
It should be modified to adapt other renewables such as PVs, which have no rotating mass
and different techniques to collect the maximum energy [35]. However, this work is more
generic than the straightforward approach in [36,37] whereby only automatic voltage regulators
were considered.

7. Conclusions

The paper has tackled the power sharing problem among hybrid DERs impact upon the rotor
speed of the leader synchronous generator. The problem of load frequency with DFIG-based wind
turbine association with a leader synchronous generator was thus considered via linear quadratic
Gaussian controller. The developed controller has a high capability to keep the system stability under
various loading conditions. The nobility of the developed LQG controller was elucidated by using
various DFIG-based wind turbine participation and wind speed ratios. From the simulation results
and discussions, the following conclusions can be drawn, and (1) the developed controller is simple
and has a high capability to damp oscillations fast with small settling times. In addition, the developed
controller avoids complicated signal measurements as it relies on a Kalman filter observer design and
receives only the rotor speed and rotor angle information from the leader synchronous generator,
(2) the impact of wind speed deviations on the synchronous generator rotor speed is stronger when
compared to wind power penetrations. The wind power deviations seem to modify the rotor angle at
the long term operating conditions, (3) At light and lead power factor loads, the modified Concordia
model is unstable; thus, the proposed LQG controller shows satisfactory behavior, (4) despite the
wind speed uncertainties, the proposed LQG helps make the rotor speed deviations of the leader
synchronous generator bounded.

For the purpose of future work, the developed hybrid state space is to be applied for a decentralized
multi-area interconnected power system with various thermal and hydro units. In addition, modern
renewable energy resources such as photovoltaics or hydrogen energy storage systems impact upon
the leader synchronous machine are to be considered.
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Acronyms

DFIG doubly fed induction generator
DER distributed energy resource
WEC wind energy conversion
LFC load frequency control
LQG linear quadratic Gaussian
LQR linear quadratic regulator
PSS power system stabilizer
SG synchronous generator
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Appendix A

The constants of the DFIG based wind turbine are [38]: Tr = 0.1, Tw = 6, Ta = 0.2, He = 3, Re = 2.4.
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