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Abstract:This paper proposes some effective self-tuning
control strategies for isolated Wind-Diesel power generation
systems. Detailed modelling and studies on both single-input
single-output (SISO) as well as multi-input multi-output
(MIMO) self tuning regulators, applied to a typical
system,are reported. Further, the effect of introducing a
Super-conducting Magnetic Energy Storage (SMES) unit on
the system performance has been investigated. The MIMO
self-tuning regulator controlling the hybrid system and the
SMES in a coordinated manner exhibits the best
performance.

Keywords: Wind-diesel power system, Self tuning control,
SMES.

INTRODUCTION

The economic advantages of installing hybrid wind-
diesel power generation systems,especially in islands and
remote locations where the wind velocity records are good,
have been well established in the literature[l].

The wind-diesel systems are normally equipped
with a control system,which functions to reduce the system
frequency oscillations and makes the wind turbine generator
power output follow the performance curve of Fig.l[2],
when the system is subjected to wind/load disturbances.
Usually PI controllers are employed in these systems.
Mathematical modelling of a typical hybrid system with PI
controllers and system dynamic studies on it have been

reported by Scott[3]. However, it is well known that the
performance of the systems with fixed gain controllers
designed on the fixed parameter model of the system does
not stay optimal as the system parameters undergo a
change. The popular regulator, which can give the optimal
performance under varying operating conditions,is the self
tuning type of adaptive controller. Further, the adaptive
controllers permit the use of additional non-adaptive
controllers/feedbacks at the appropriate locations in the
system[4]. Such type of composite controllers have already
been used in power system stabilizer[5] and AGC [6]
problems. The objective of this paper is to design self
tuning regulators which act in combination with negative
proportional feedbacks, to control the wind-diesel power
systems. Both SISO and MIMO Self Timing (ST) control
strategies have been attempted on-the system.

Further, the application of an SMES unit as an aid
for improving the dynamic performance of power systems
has been reported in the literature[6].In this paper an
SMES unit has been tried and the studies on a MIMO ST-
regulator for the combined Wind-Diesel-SMES system are
reported.

The mathematical model for the SMES unit is
developed by linearizing the converter voltage equation
about the floating operating state of the SMES unit.
Floating operating state of the SMES unit is the one, when
there is no exchange of energy between the SMES unit and
the system. Use of such model facilitates the
implementation of the control scheme directly in
comparison with the schemes already suggested [6].

SYSTEM CONFIGURATION

Fig.2 shows the schematic diagram of a typical
wind-diesel power generation system with its controls. Fjg.3
shows the fundamental configuration of an SMES unit. The
SMES unit contains a Y-A and a Y-Y transformer,two sets
of six pulse bridge power converters in series and a DC
superconducting inductor. When the SMES unit is used in
a wind-diesel system, the superconducting coil is initially
charged to a nominal value and is left floating on the
system. Upon the occurance of a disturbance the unit is
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controlled by appropriately changing the firing angle to
absorb or release energy from or to the system, thereby
improving the dynamic performance of the system.

DYNAMIC MODELS OF THE SYSTEM

Hybrid System
Fig.4 shows the block diagram representation of the

BIPCO wind-diesel system developed by retaining the
controller dynamics for the diesel governors and the WTG
controller/actuator, lumping the inertia of diesels and
assuming a single inertia for MOD-OA[3]. The model also
assumes the power on the output side of the fluid coupling
equal to the WTG output power[7]. For the sake of
generality, the controller blocks are not shown in the figure.
This model is used in the simulation studies presented in
this paper.

The system shown by the model can be represented
by a set of differential equations of the form

y , - - -

Deviation

- Inertia Constants on 250-kVA Base

X^AX+BU+IY (1) Fig. U MOD-OA and BIPCO Dynamic Model.

the voltage equation on the d.c. side of the 12-pulse
converter is expressed by

Vsu=Voca&a. (2)

where Vo = 2 x Ideal no load maximum DC voltage of the
6-pulse bridges.
and a = firing angle of the converter.
Linearizing equation (2) about a =90° (the condition at
which there is no interchange of energy between the SMES
unit and the system), we get

AVSM = -Vo Sin La
According to the circuit analysis of the converter[8], where A VSM = deviation in converter voltage and

where X,U,P are the state, control and disturbance vectors.
Up and UD can be the inputs either from the PI or adaptive
controllers,to the pitch and diesel actuators respectively.
Control input Us is present only in the case of MIMO self
tuning regulator controlling the wind-diesel-SMES system.
KAF1 and KAF2 are the gains of negative proportional
feedbacks, employed in combination with adaptive
controller/s.

SMES Unit
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Aa = deviation of the firing angle with respect to their
values at floating operating state of the SMES unit. If the
converter circuit delay time constant is TR, the change in
converter voltage in S-domain is given by

1+STB
-A a (3)

Fig. 5 shows the block diagram representation of the SMES
unit to be incorporated in the MIMO STR scheme. Here
AVSM is the incremental change in converter voltage(V);
AISM is the incremental change in SMES current(A). The
washout term with washout time constant Tw is introduced
to reset the control signal after several cycles of washout
time constant. This is necessary for linearized relationship
(3) to hold good.

Fig. 5 Block Diagram of SMES unit .

ADAPTIVE CONTROL STRATEGIES

SISO ST-Regulator

The model of the system is assumed to be of the form

) (4)

where y(k) is the output and u(k) is the control input at the
kth sampling instant kT,T being the sampling period. In (4)
'n' is the model order and (a^bj) for i=l,n are the model
parameters, which remain to be estimated. The control law
is derived by minimizing the cost function J(k) of (5) with
respect to control. The cost function takes into account the
prevention of excessive control apart from the main target
of regulating the system output.

J(k) =y(k+l)2+R(u(k) -u(k-1))2

By setting aj(k)/3u(k) = 0,'we get

(5)

-0) -
(6)

Optimal control signal u(k) can only be applied when
(a^b;), i=l,n the model parameters are known. A recursive
least squares algorithm is used to estimate the model
parameters at every sampling instant. For this purpose the
discrete time model of (4) is rewritten as

x(k) = hT(k)B(k-l) (7)

where x(k) = y(k)

h \k) = [y(k-l),.... y(k-n), «(*-l),.... u(k-n)]

and 8r(Jfc-l) = [a,,....a., ft,,...,*,]

Then the estimation algorithm (Appendix-I) is used.

MIMO ST-Regulator

Here the system model is assumed to be of the form

J 2 ( J 2
where Y(k) imd U(k) are m-dimensional output and control
vectors respectively and Aj and B s , the parameter matrices
are of the type

12

•4, (9)

bml b^2 ••• bL>

(10)

To achieve the control objective ,a cost function is defined
as follows
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J(k)=Y(k+lfQY(k+l)
+ [U(k)-WU(k-l)fR[U(k)-WU(k-iy]

(ID

Q and R are weighting matrices on output and control
respectively and W is a diagonal matrix with elements
having values 0/1.

The proposed performance index takes into account
the prevention of excessive control.

The control law is derived by setting 5J(k)/3U(k)
to zero, which yields the following control law

(12)

The parameter matrices \ and Bif i=l,n are estimated on
line and then used to calculate the proposed control law.For
the estimation of parameter matrices,the system (7) is
written in the component form .With Bl taken as a unit
matrix for saving identification time,we obtain the following
equations.

=/! r(*)e,(*-l)
where

t,lnK
h T(k) =[Y(k-l)T Y(k-2)T...Y(k-n)T,

(13)

The recursive least squares algorithm (Appendix-I) is then
used for estimating the parameter matrices. General
structure of MIMO self tuning regulator applied to wind-
diesel system is shown in (Appendix-II, Fig. 19).

DIGITAL SIMULATION RESULTS

SISO Case

Here y and u for the STR are defined respectively
as APWJQ and Up .Negative feedback with gain KAF1 is
active and yj=y. UD is on the other hand obtained from PI
controller[3] and KAF2 is set to zero.

The wind power disturbance has been assumed as
(14). The order of the parameter model is taken as n=3 [9],
the initial value of P-matrix is taken as 103I, R is set to .99
and 6(0) = [0 0 0 1 0 0 ]T. The P matrix is reset to P(0)
every 25 sampling intervals.

The effect of following parameters on the system
has been investigated, i) KAF1 ii) sampling period, Ts

iii) control weighting R.

AP _ .05pu.(0 (14)

For obtaining the optimal value of KAFl,the
performance index is defined on the basis of ITAE criterion
(as the use of ISE criterion results in oscillatory control).
On the other hand for optimizing the sampling period and
the control weighting the use of both ISE and ITAE crteria
gives the same results. The performance indicies for ISE
and ITAE criteria are defined respectively as

20
(15)

where

10

H | A Wl

20
(16)

| A «x(0 \)dt
10

Appropriate value of A. is found to be 5.

Effect of KAF1:

The variation of Plr^R with KAF1 is shown in Fig.6.
The plot assumes values of Ts and R to be 30 ms and 0.5
respectively. The optimal value of KAF1 is found to be 40.

Effect of Sampling Period:

For KAF1 = 4O and R = 0.5, the variation of PIISE

with Ts is shown in Fig. 7. The optimal sampling period is
found in the neighbourhood of 25 ms.

Effect of control weighting

For KAF1=4O and Ts = 25 ms, from the variation of PIISE

versus R (Fig.8) it is clear that the optimal value of R
amounts to 0.5.

KAF1
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optimizing the feedbacks KAFl and KAF2 on the basis of
ITAE and other parameters using ISE creteria, optimal
values of various parameters for A.=45,are found to be:
Ts=30 ms; KAF1 = 4O; KAF2 = 20; Q1=T; Q2=1;R1 = 1. ;
R2=0.5; Wl = l ; W2= 0 ;

Though both the STR's, SISO and TITO, are
designed for same disturbance (14) it is found from the
Fig. 13. and Fig. 14. that the performance of TITO STR is
much better as compared to that of SISO STR, even for
large step disturbances (19).

The curves in Fig. 9 and Fig! 10 compare the performance
of SISO STR with that of Scott's optimal PI controller.lt
can be seen that the time response of AP^J-Q is unproved
significantly. However the system power frequency response
deteriorates slightly. Fig. 11 and Fig. 12 show that though
this STR is designed for wind disturbances of the step
type,it is found to give superior performance compared to
PI controller even in the case of load disturbance (17) and
a ramp followed by a constant type of wind disturbance(18).
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(18)

Three Input Three Output Case:

Here y1 = APWTG+/jAco2 (A(i>2=
deviation); y2=Aco1 ; y3=Aco1+A"

J3 = ]

MOD-OA speed

1 ; u1 = UP ;
u3=Us; n=2 ; m = 3; P(0) = ?; ;
§iT(0) = [ 0 0 ... 0 ]
The reason for introducing accelerations as parts in y1 and
y3 is the well known fact the maximum frequency (speed)
deviation is proportional to the initial accelerations [10]
The disturbance assumed here is given by (19).

(19)

Tiro* ( Saoe)
Fig. 9 R.tponao of Ulnd Pouor

UUh Stop Wind D U U r b o . c .
SISO STR PI
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Fig. II R n w i u of Ulnd P
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In this case Ts, KAFl and KAF2 were set to the
corresponding Values in the TITO case, and optimal value
of \i was obtained by using ITAE criterion. The optimal
values of O and R matrices elements are obtained by using
ISE criterion.

The appropriate value of A. =60 and the optimal
values of various parameters along with the SMES data are:
p=2; Ql=l ; Q2=l; Q3=l; Rl = l; R2=l; R3 = 1.5; Wl=l;
W2=0;W3=l;

^ l i i F ^ l ^ r J p r 1 ISMO=800 A; Vo=50 V; KA=120; TW=.O4, TR=.O26;

< Seo )
ig . oaponooo of

u l l h Ramp FollOMod by Co
T U d D t b

Two Input Two Output (TITO) Case

>! (system frequency deviation);Here y1 =A"Bwra ; y2 =
% = U P ; u 2 = U D ; '
n = 2; m = 2; 8^(0) = [0 0...0]; P(0) =105I ; B = l.
Following a similar procedure as in SISO STR case i.e.

Fig. 15 and Fig. 16 compare the performance of
this regulator with that of TITO case. It is seen that power
frequency transients are reduced considerably by MIMO
type of STR which controls the wind-diesel-SMES sytem in
a coordinated manner.
In Fig. 17 and Fig. 18 are shown the SMES power input
variation and the output voltage deviation of the converter
feeding the SMES.
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Sensitivity Analysis:

The effect of certain parameters such as Hx and H2 on the
system performance in the three input three output case is
investigated by varying these parameters within ± 50% of
their nominal values. The results presented in Table 1
confirm that the system performance with ST regulators is
quite insensitive to changes in the parameter values.

CONCLUSION

Self-tuning type of adaptive controllers are
proposed for a wind-diesel power system.Comprehensive
simulation studies have been carried out on a typical
system, using both single input single output as well as
multivariable self tuning regulators. Further, the effect of
introducing an SMES unit has been investigated by studying
the performance of a MIMO self tuning regulator
controlling the wind-diesel-SMES system in a coordinated
manner, for a wind disturbance. The mathematical model
for SMES unit developed in this paper, facilitates the easy
implementation of the control scheme.
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Table 1

H2

H i

4.35

6.525

8.7*

10.875

13.05

= 3.52

W I S E

9.216X10"4

9.298X10"4

9.351X10"4

9.387X10"4

9.4xlO4

Hi = 8.7

1.76

2.64

3.52*

4.4

5.28

PIlSE

9.96X10"4

9.6X10"4

9.351X10-4

9.11X104

8.9X10"4

APPENDIX-I

Recursive algorithm for parameter estimation [4] i
given by the following equations:

8(jfc+1) =6(Jfc+1) +K(k+l)e(k+1)6

K(k+l)=P(k)h(k+l)/[$ +h r()t+l).P(Jfc)/20fc+l)]
P(Jfc+l) = [I-K(k+l)hT(k+l)]P(k)/$

(20)

where the caret refers to estimated vaues,0 < fi<l and P(k)
is the covariance matrix.
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