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Table 1
Parameters for Fig. 1 [14].
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to frequency responses and, hence it sounds that an additional con-
trol loop is necessary.

In [12], it is reported that full converter (FC) type WTs are com-
pletely decoupled from the power grid and no contribution is given
to the frequency regulation. In addition, it is pointed out that the
DFIG-type WTs have some small contribution to the power
network.

In [13], and [15], fast response and robustness against parame-
ter uncertainties and load changes can be obtained using MPC
controller for both single and multi-area load frequency control
application respectively, but without the participation of WTs.

While in [16], an attempt of study the effect of merging the
wind turbines in the power system controlled by model predictive
load frequency control method, a positive effect on the system re-
sponse could be noted, but that only for a single area.

This paper studies the effect of merging the wind turbines on
the system frequency response of multi area power system. In this
paper, each local area includes an aggregated wind turbine model
(which consists of 200 wind turbine units) beside the main gener-
ation unit. The MPC technique law produces its optimal output de-
rived from a quadratic cost function minimization based on the
dynamic model of the single area power system.The technique
calculates the optimal control signal while respecting the given
constrains over the output frequency deviation and the load
change. The effects of the physical constraints such as generation
rate constraint (GRC) and speed governor dead band [1] are consid-
ered. The power system with the proposed MPC technique has
been tested through the effect of uncertainties due to governor
and turbine parameters variation and load disturbance using com-
puter simulation. A comparison has been made between the MPC
(with and without wind turbine participation) and the traditional
integral controller confirming the superiority of the proposed
MPC technique and showing the positive effect of the WT partici-
pation on the total system performance. Also, the simulation re-
sults proved that the proposed controller can be successfully
applied to the application of power system load frequency control.

The rest of the paper is organized as follows: A simplified wind
turbine model is presented in Section 2. The description of the
dynamics of the power system is given in Section 3. General con-
sideration about MPC and its cost function are presented in Section
4. The implementation scheme of a multi area power system
together with the MPC technique is described in Section 5. Simula-
tion results and general remarks are presented in Section 6. Finally,
the paper is concluded in Section 7.

2. Simplified wind turbine model for frequency studies

Fig. 1 shows a simplified model of DFIG based wind turbine for
frequency response [14]. This simplified model can be described by
the following equations:

_iqr ¼ �
1
T1

� �
iqr þ

X2

T1

� �
Vqr ð1Þ
Fig. 1. Simplified model of DFIG based wind turbine.
_w ¼ � X3

2Ht

� �
iqr þ

1
2Ht

� �
Tm ð2Þ

Pe ¼ wX3iqr ð3Þ

and for linearization, Eq. (3) can be rewritten as:

Pe ¼ woptX3iqr ð4Þ

and

Te ¼ iqs ¼ �
Lm

LSS
iqr ð5Þ

where the parameters are defined as follows: wopt is the operating
point of the rotational speed, Te the electromagnetic torque, Tm

the mechanical power change, w the rotational speed, Pe the active
power of wind turbine, iqr the q-axis component of the rotor cur-
rent, Vqr the q-axis component of the rotor voltage, Ht the equivalent
inertia constant of wind turbine.

Table 1 shows the detailed expressions of the main parameters
utilized for the simplified model of Fig. 1.where

L0 ¼ Lrr þ
L2

m

Lss

" #
; Lss ¼ Ls þ Lm; Lrr ¼ Lrs þ Lm

and, Lm is the magnetizing inductance, Rr and Rs the rotor and stator
resistances, respectively, Lr and Ls the rotor and stator leakage
inductances, respectively, Lrr and Lss the rotor and stator self-induc-
tances, respectively, ws is the synchronous speed.

3. System dynamics

A multi-area power system comprises areas that are intercon-
nected by tie-lines. The trend of frequency measured in each con-
trol area is an indicator of the trend of the mismatch power in the
interconnection and not in the control area alone. The LFC system
in each control area of an interconnected (multi-area) power sys-
tem should control the interchange power with the other control
areas as well as its local frequency. Therefore, the dynamic LFC sys-
tem model must take into account the tie-line power signal. For
this purpose, consider Fig. 2, which shows a power system with
N-control areas [1].

In this section, a frequency response model for any area-i of N
power system control areas with an aggregated generator unit in
each area is described [1].

The overall generator–load dynamic relationship between the
incremental mismatch power (DPmi � DPLi) and the frequency
deviation (Dfi) can be express

D _f i ¼
1

2Hi

� �
DPmi �

1
2Hi

� �
DPLi �

Di

2Hi

� �
Dfi �

1
2Hi

� �
DPtie;i ð6Þ

the dynamic of the governor can be expressed as:

D _Pmi ¼
1
Tti

� �
DPgi �

1
Tti

� �
DPmi ð7Þ

the dynamic of the turbine can be expressed as:

D _Pgi ¼
1

Tgi

� �
DPci �

1
RiTgi

� �
Dfi �

1
Tgi

� �
DPgi ð8Þ



Fig. 2. Dynamic model of a control area in an interconnected environment.
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the total tie-line power change between area-i and the other areas
can be calculated as:

D _Ptie;i ¼ 2p
XN

j ¼ 1
j–i

TijDfi �
XN

j ¼ 1
j–i

TijDfj

2
666664

3
777775 ð9Þ

In a multi-area power system, in addition to regulating area fre-
quency, the supplementary control should maintain the net inter-
change power with neighbouring areas at scheduled values. This is
generally accomplished by adding a tie-line flow deviation to the
frequency deviation in the supplementary feedback loop. A suit-
able linear combination of frequency and tie-line power changes
for area i, is known as the area control error (ACE),

ACEi ¼ DPtie;i þ BiDfi ð10Þ

Eqs. (6)–(9) in additionally to Eqs. (1) and (2) represent the fre-
quency response model for N power system control areas with
one generator unit and wind turbine unit in each area and can be
combined in the following state space model:
D _Pgi
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D _f i
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>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
where Pgi is the governor output change of area i. Pmi the mechanical
power change of area i. fi the frequency deviation of area i. PLi the
load change of area i. Pci the supplementary control action of area
i. yi the system output of area i. Hi the equivalent inertia constant
of area i. Di the equivalent damping coefficient of area i. Ri the speed
droop characteristic of area i. Tgi, Tti the governor and turbine time
constants of area i. ACEi the control error of area i. Bi the a frequency
bias factor of area i. Tij the tie-line synchronizing coefficient with
area j. DPtie,i the total tie-line power change between area i and
the other areas. Dmi the control area interface, Dv i ¼

PN
j ¼ 1
j–i

TijDfj

This state space model will be applied to the controller of the
wind turbine unit, while the state space model used in the power
system area controller will not include the dynamics of the wind
turbine, and can be expressed as:
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Fig. 3. A simple structure of the MPC controller.

Table 2
Parameters and data of a practical single area power system.

D (pu/Hz) H (pu s) R (Hz/pu) Tg (s) Tt (s)

0.015 0.08335 3.00 0.08 0.4
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4. Model predictive control

The MPC has proved to efficiently control a wide range of appli-
cations in industry such as chemical process, petrol industry, elec-
tromechanical systems and many other applications. The MPC
scheme is based on an explicit use of a prediction model of the sys-
tem response to obtain the control actions by minimizing an objec-
tive function. Optimization objectives include minimization of the
difference between the predicted and reference response, and the
control effort subjected to prescribed constraints. The effectiveness
of the MPC is demonstrated to be equivalent to the optimal control.
It displays its main strength in its computational expediency,
Fig. 4. The block diagram of a two area power system
real-time applications, intrinsic compensation for time delays,
treatment of constraints, and potential for future extensions of
the methodology. At each control interval, the first input in the
optimal sequence is sent into the plant, and the entire calculation
is repeated at subsequent control intervals. The purpose of taking
new measurements at each time step is to compensate for unmea-
sured disturbances and model inaccuracy, both of which cause
the system output to be different from the one predicted by the
model [8,9].

Fig. 3 shows a simple structure of the MPC controller. An inter-
nal model is used to predict the future plant outputs based on the
past and current values of the inputs and outputs and on the pro-
posed optimal future control actions. The prediction has two main
components: the free response which being expected behavior of
the output assuming zero future control actions, and the forced
response which being the additional component of the output
response due to the candidate set of future controls. For a linear
systems, the total prediction can be calculated by summing both
of free and forced responses. The optimizer is used to calculate
the best set of future control action by minimizing a cost function
(J). The optimization is subject to constraints on both manipulated
and controlled variables [10].
including the proposed MPC controller and WT.
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The general objective is to tighten the future output error to
zero, with a minimum input effort. The cost function to be mini-
mized is generally a weighted sum of square predicted errors
and square future control values, e.g. in the Generalized Predictive
Control (GPC):

JðN1;N2;NuÞ ¼
XN2

j¼N1

bðjÞ½ŷðkþ jjkÞ �wðkþ jÞ�2 þ
XNu

j¼1

kðjÞ½uðkþ j� 1Þ�2 ð13Þ

where N1, N2 are the lower and upper prediction horizons over the
output, Nu is the control horizon, bðjÞ; kðjÞ are weighting factors. The
control horizon permits to decrease the number of calculated future
control according to the relation: Du(k + j) for J P Nu. The w(k + j)
represents the reference trajectory over the future horizon N.

Constraints over the control signal, the outputs and the control
signal changing can be added to the cost function as follows:

umin 6 uðkÞ 6 umax

Dumin 6 DuðkÞ 6 Dumax

ymin 6 yðkÞ 6 ymax

ð14Þ

Solution of Eq. (13) gives the optimal sequence of control signal
over the horizon N while respecting the given constraints of Eq.
(14).

The MPC have many advantages, in particularly it can pilot a big
variety of process, being simple to apply in the case of multivari-
able system, can compensate the effect of pure delay by the predic-
tion, inducing the anticipate effect in the closed loop, being a
simple technique of control to be applied and also offer optimal
solution while respecting the given constraints. On the other hand,
this type of restructure required the knowledge of model for the
system, and in the presence of constraints it becomes a relatively
Table 3
Wind turbine parameters and operating point [14].

Operating point (mw) Wind speed (m/s) Rotational speed (m/s) R

247 11 1.17 0

Xm is the magnetizing reactance, (Pwt)Base = 400 MVA, (wr)Base = 1.15 (rad/s).
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Fig. 5. Power system response for case1 of Scenario 1: with (MPC with WT participatio
curve) and conventional controller (dotted curve).
more complex regulator than a simple conventional controller
such as a proportional integral differential (PID), and it takes more
time for on-line calculations
5. System configuration

The block diagram of a simplified frequency response model for
a two area power system with aggregated unit including the pro-
posed MPC controller is shown in Fig. 4. Each area consists of the
overall rotating mass and load and an aggregated generator unit
including one nonlinear turbine with GRC, one governor with
dead-band constraint [1], and aggregated wind turbine model
(which consists of 200 wind turbine units of 2 MW rated VSWTs),
as each local area controller can be designed independently. On the
other hand, the frequency deviation and wind turbine rotational
speed are used as feedback for the closed loop control system. Both
of the reference and measured area control error ACEi, (ACEre-

f,i = 0 HZ) and both of the reference and measured wind rotational
speed (wref,i = wopt) are fed to the model predictive controller MPCi,2

of the wind turbine unit in order to obtain the signal DVqr,i (q-axis
component of the deviation of the rotor voltage, which fed to the
wind turbine), and the second controller MPCi,1 is fed by only by
the reference and measured area control error ACEi, (ACEref,i = 0 HZ)
in order to obtain the supplementary control action DPci which is
added to the negative frequency feedback signal to give the signal
which feeds the governor giving the governor valve position which
supplies the turbine to give the mechanical power change DPmi

which is affected by the load change DPLi, the tie-line power
change DPtie,i and the active power change of wind turbine DPe

(which multiplied by a gain equal to 0.5 to make a correlation
r (pu) Rs (pu) Xlr (pu) Xls (pu) Xm (pu) Ht (pu)

.00552 0.00491 0.1 0.09273 3.9654 4.5

120 125 130 135 140

120 125 130 135 140

120 125 130 135 140

e, s

n) (bold and solid curve) and with (MPC without WT participation) (solid and thin
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between power system and wind turbine bases) giving the input of
the rotating mass and load block to provide the actual frequency
deviation Df. In addition, the tie-line flow deviation is added to
the frequency deviation in the supplementary feedback loop to
give the area control error ACEi.
6. Results and discussions

Computer simulations have been carried out in order to validate
the effectiveness of the proposed scheme. The Matlab/Simulink
software package has been used for this purpose. A practical
multi area power system with the nominal parameters [1] listed
in Table 2, is considered.

The simulation studies are carried out for the proposed control-
ler with generation rate constraint (GRC) of 10% pu per minute. The
Fig. 7. Power system response forcase 2 of Scenario 1, with (MPC with WT participation
curve) and conventional controller (dotted curve).

Fig. 6. Wind turbine responses in the first case, (a) rotationa
maximum value of dead band for governor is specified as 0.05%.
The parameters of the MPC controller are set as follows:

prediction horizon = 10,
control horizon = 2,
weights on manipulated variables = 0,
weights on manipulated variable rates = 0.1,
weights on the output signals = 1, and
sampling interval = 0.1 s.

Constraints are imposed over the control action, and frequency
deviation are considered as follows :

Max. control action = 0.25 pu.
Min. control action = �0.25 pu.
Max. frequency deviation = 0.25 pu.
) (thick and solid curve) and with (MPC without WT participation) (solid and thin

l speed w, and (b) power change of wind turbine DPe1.
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Min. frequency deviation = �0.25 pu.

The wind turbine used consists of 200 units of 2 MW rated var-
iable speed wind turbine VSWTs, the wind turbine parameters and
operating point are indicated in Table 3.

6.1. Scenario 1

6.1.1. Case 1
The system performance with the proposed MPC controllers in

case of wind turbine participation at nominal parameters is tested
and compared with the system performances with both MPC con-
trollers without wind turbine participation using a conventional
integrator (K(s) = �0.3/s) in the presence of a step load change
Table 4
Parameters and data of a practical three control area power system.

Area K(s) D (pu/Hz) 2H (pu s)

Area-1 �0.3/s 0.015 0.1667

Area-2 �0.2/s 0.016 0.2017

Area-3 �0.4/s 0.015 0.1247

(Pe)Base = 800 MVA.

Fig. 9. Three-control area power
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Fig. 8. System control signals: (a) out
(DPL is assumed to be 0.02 pu at t = 100 s). Fig. 5 shows the simu-
lation results of the MPC with WT participation, MPC without WT
participation (as in [15]) and only conventional integrator systems.
The results from the top to the bottom are: the frequency devia-
tions for Area 1, the frequency deviations for Area 2, and the
tie-line power change DPtie,i. It has been noticed that with the
proposed MPC controller with the participation of WT, the system
is more stable and fast compared to the system with conventional
controller and merging the wind turbine leaded to the enhance-
ment of the performance of the MPC controller. Fig. 6 shows both
rotational speed (at the top) and power change of wind turbine (at
the bottom). As shown in this figure, the change in the wind tur-
bine electrical power can cooperate to enhance the overall system
response performance.
R (Hz/pu) Tg (s) Tt (s) Tij

3.00 0.08 0.40 T12 = 0.20
T13 = 0.25

2.73 0.06 0.44 T21 = 0.20
T23 = 0.15

2.82 0.07 0.3 T31 = 0.25
T32 = 0.15

system with wind turbines.

02.5 103 103.5 104 104.5 105

102.5 103 103.5 104 104.5 105

e,s

put of MPC3, (b) output of MPC4.



Fig. 10. Power system response to scenario B with MPC with participation of wind turbines (thick and solid curve), only MPC (solid and thin curve) controller, and
conventional controller (dotted curve).
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6.1.2. Case 2
The robustness of the proposed system against parameters

uncertainty is validated. In this case, both of the governor and tur-
bine time constants are increased to Tg1 = 0.105 s (ffi31% change),
Tt1 = 0.785 s (ffi95% change), Tg2 = 0.105 s (ffi66% change) and
Tt2 = 0.6 s (ffi38% change), respectively (this can happen in case
of off line change of the practical turbine and governor, while the
controller keeps the nominal values of these parts). Fig. 7 depicts
the system response with MPC with WT participation, MPC with-
out WT participation and only integrator in this case of study.
The load change is assumed to be as described in the first case. It
has been shown that, with the traditional controller, the system
becomes unstable while with the MPC controller, the system re-
sponse is more convenient. Also, the figure indicates that the pres-
ence of wind turbine leads to enhance the system performance
with MPC controller, significantly. While Fig. 8 shows the control
signals of the controllers MPC3 and MPC4 of Area 2.
6.2. Scenario 2

To illustrate the behavior of LFC system with the proposed
decentralized MPC controller in the presence of wind turbine in a
multi-area power system, consider three identical interconnected
control areas as shown in Fig. 9. The simulation parameters [1]
are given in Table 4, while the wind turbine parameters are the
same for all areas and are listed in Table 3. The system is tested
at a simultaneous 0.02-pu load step disturbance in control area-2
and against wide range of parameters uncertainty is validated. In
this case, the governor and turbine time constants of each area
are increased to Tg1 = 0.105 s (ffi31% change), Tt1 = 0.785 s (ffi95%
change), Tg2 = 0.105 s (ffi66% change) and Tt2 = 0.6 s (ffi38%
change), Tg3 = 0.15 s (ffi100% change) and Tt3 = 0.7 s (ffi100%
change), respectively. Fig. 10 depicts the response of both the pro-
posed MPC controllers in the presence and without the participa-
tion of the wind turbine (as in [15]) and that response of the
classical integrator controller (with gains listed in Table 4) in the
case of above uncertainty. The results from the top to the bottom
are: frequency deviation in area-1, frequency deviation in area-3,
tie-line power change in area-1, and tie-line power change in
area-3. From the comparisons in Fig. 10, that even at this severe
condition of uncertainties, system with MPC controllers keeps sta-
ble, and it is appeared that wind turbine affected positively on the
system response.

7. Conclusions

This paper studies the merging of wind turbines in a multi area
power system controlled by a robust load frequency control based
on the model predictive control technique.

Digital simulations have been carried out in order to validate
the effectiveness of the proposed scheme. The proposed controller
has been tested for several mismatched parameters and load
disturbance.

A performance comparison between the proposed MPC in the
presence of wind turbine and MPC without wind turbine and con-
ventional integral controllers is carried out. The simulation results
demonstrate that the closed-loop system with MPC controller is
robust against the parameter perturbation of the system and has
desirable performance in comparison of classical integral control
design in all of the performed test scenarios. Also, it was denoted
that wind turbine has a positive impact on the total response of
the system. For future work, to solve the problem of the complex
optimization problem procedure required in MPC design, simula-
tion results can be used to train a neural network to give the same
robust response with ability of practical implementation.

Appendix A. A

Fig. 1 shows a simplified model of DFIG based wind turbine
(WT) for frequency response, this model is investigated from the
detailed model [17], which can be described As:

Voltage equations



T.H. Mohamed et al. / Electrical Power and Energy Systems 43 (2012) 859–867 867
Vds ¼ RSids � wqs þ
1

wS

d
dt

wds ðA:1Þ

Vqs ¼ RSiqs � wds þ
1

wS

d
dt

wqs ðA:2Þ

Vdr ¼ Rridr � swqs þ
1

wS

d
dt

wdr ðA:3Þ

Vqr ¼ Rriqr þ swdr þ
1

wS

d
dt

wqr ðA:4Þ

Flux equations

wds ¼ Lssids þ Lmidr ðA:5Þ

wqs ¼ Lssiqs þ Lmiqr ðA:6Þ

wdr ¼ Lrridr þ Lmids ðA:7Þ

wqr ¼ Lrriqr þ Lmiqs ðA:8Þ

where

Lss ¼ Ls þ Lm

and

Lrr ¼ Lr þ Lm

Torque equation

Te ¼ wds � iqs � wqs � ids ¼ wdr � iqr � wqr � idr ðA:9Þ

Manipulating (A.1), (A.2), (A.3), (A.4), (A.5), (A.6), (A.7), (A.8) the
following equations can be derived:

_idr ¼�
wSRr

Lrr
idr þ s�ws � iqr þ

ws

Lrr
�Vdr þ s�ws �

Lm

Lrr
� iqs �

Lm

Lrr
� _ids ðA:10Þ

_iqr ¼�
wSRr

Lrr
iqr � s�ws � idr þ

ws

Lrr
�Vqr � s�ws �

Lm

Lrr
� ids �

Lm

Lrr
� _iqs ðA:11Þ

For vector control of the DFIG, the d-axis was chosen such that it
coincides with the maximum of the stator flux, therefore,
wds = 1 pu and wqs = 1 pu. Substituting in (A.6), the following equa-
tion can be obtained:

iqs ¼ �
Lm

LSS
iqr ðA:12Þ

then Eq. (A.11) can be simplified and converted to S domain as:

S 1� L2
m

LSSLrr

" #
iqr ¼ �

wSRr

Lrr
iqr þ

ws

Lrr
Vdr ðA:13Þ
and

iqr ¼
1
Rr
� 1
½1þ ST1�

Vqr ðA:14Þ

substituting, wds = 1 pu and wqs = 1 pu in (A.9) and the using (A.12),
the following equation can be obtained for the electromagnetic
torque:

Te ¼ iqs ¼ �
Lm

LSS
iqr ðA:15Þ

While the mechanical equation can described as:

pe ¼ Tewr ðA:16Þ
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