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Abstract Small hydro power is one of the most important renewable energy in the world. It does not encounter the
problem of population displacement and is not as expensive as solar or wind energy. However, small hydro electrical
generating units are usually isolated from the grid network; thus, they require control to maintain of constant the power for
any working conditions. This paper presents a flow control approach for the speed control of hydro turbines. Power can be
controlled by controlling the amount volume of water running into turbine. In this study, the adaptive predictive control is
designed to control a flow for the automatic control of small hydro power plants. The standard Generalized Predictive
Control (GPC) algorithm is presented. The Adaptive Generalized Predictive Control is then applied to achieve set point
tracking of the output of the plant. A Single Input Single Output (SISO) model is used for control purposes. The model
parameters are estimated on-line using an identification algorithm based on Recursive Least Squares (RLS) method. The
performance of the proposed controller is illustrated by a simulation example of Small hydro power plant. Obtained results
have shown better characteristics concerning both set point tracking and disturbance robustness for adaptive predictive

control.
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1. Introduction

Small hydro power was one of the earliest small scale
renewable energy technologies to be developed, and is still
an important source of energy today. It has the potential to
produce an important share of power, with a low price,
more than solar or wind power. Small hydro electrical
power plants are usually built in remote communities, as
they use the river’s flow in the mountains. User loads
require a uniform and an uninterrupted supply of input
energy. In addition, small hydro powers are often isolated
from grid networks. Thus, they require control to maintain
of constant the power for any working conditions. Power
can be controlled by controlling the amount volume of
water running into turbine to produce just the necessary power
[1-8]. It is well known that the mathematical model is very
crucial for a control systemdesign. For a small hydro power,
there are many models to represent the machine behavior
with a good accuracy. However, the parameters of the model
are also important because the mathematical model cannot
provide a correct behavior without correct parameters
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in the model. Therefore, the parameters can be determined
by identification technique.

This paper presents the application of Adaptive
Generalized Predictive Control (GPC) to achieve set point
tracking of the output of the plant. The Generalized
Predictive Control (GPC) is one of the most favorite
predictive control methods, popular in industry and also at
universities. It was first published in 1987[9],[10]. The
authors wanted to find one universal method to control
different systems. GPC has been successfully implemented
in many industrial applications, showing good performance
and a certain degree of robustness. It is applicable[3] to the
systems with non-minimal phase, unstable systems in open
loop, systems with unknown or varying dead time, systems
with unknown order and nonlinear systems approximated by
linear models.

The basic idea of GPC[12],[13] is to calculate a sequence
of future control signals in such a way that it minimizes a
multistage cost function defined over a prediction horizon.
The index to be optimized is the expectation of a quadratic
function measuring the distance between the predicted
system output and some reference sequence over the horizon
plus a quadratic function measuring the control effort. The
predictive model is carried out based on the solving
Diophantine equations.

In the present paper the Adaptive Generalized Predictive
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Control method is designed to control a small hydro power
plant and a Single Input Single Output (SISO) model is used
for control purposes. The model parameters are estimated
On-line using an identification algorithmbased on Recursive
Least Squares method. It is proved in the paper that in spite
of important variations of the plant output; the developed
adaptive structure maintains high level of performances
(tracking, disturbance robustness and overshoot, cancellation
of oscillation).

The paper is organized as follows. Section II presents the
Generalized Predictive Control algorithm. Section III is
devoted the description of the adaptive control algorithm. In
section IV, the effectiveness and superiority of the adaptive
system, is demonstrated by simulation example. Some
concluding remarks end the paper

2. Generalized Predictive Control
Algorithm

The GPC scheme[14] can be seen in Figure 1. It consists
of'the plant to be controlled, a reference model that specifies
the desired performance of the plant, a linear model of the
plant, and the Cost Function Minimization (CFM) algorithm
that determines the input needed to produce the plant’s
desired performance. The GPC algorithm consists of the
CFM block.

The GPC system starts with the input signal, r(t), which is
presented to the reference model. This model produces a
tracking reference signal, w(t) that is used as an input to the
CFM block. The CFM algorithm produces an output, which
is used as an input to the plant. Between samples, the CFM
algorithmuses this model to calculate the next control input,
u(t+1), from predictions of the response from the plant’s
model. Once the cost function is minimized, this input is
passed to the plant. This algorithm is outlined below.

GPC
W(t) CostFunction | y(t)
——> | Minimistion {CFM) —> process >
Algorithm i
— |

Linear model
of process

Figure 1. Basic structure of GPC

When considering regulation about a particular operating
point, even a non-linear plant generally admits a
locally-linearized model[9] and[10]:

A(g)y(®) = B(g " u(t —1) + w(t) M
Where, A and B are polynomials in the backward shift

opera‘[or([1 :
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AlqHY=1+aq" +...4a,q"
B(gy=b,+bqg +...4b,q7"
If the plant has anon-zeros dead-time the lead ing elements
of the polynomial B(g~") are zero.

Where:

u(t) is the control input.

y(t) is the measured variable or output.

w(t) is a disturbance term.

In literature w(t) has been considered to be a moving
average form:

w(t) = C(q &) &
Where: C(q_') =1+ clq_' t+...t+ c”cq—nc

In this equation £(#) is uncorrelated random sequence,

and combining with (1) we obtain the CARMA (Controlled
Autoregressive Moving Average):

Alg Ny =B(g u@-D+C(gHE®) G
Where, Ais the differencing operator 1— cf1 is the back
shift operator such that ¢~ y(¢) = y(t — 1) . For simplicity

in the here C(qil) is chosen to be 1.

The objective of the GPC control is the output y(t) to
follow some reference signal y*(t) taking into account the
control effort. This can be expressed in the following cost
function: locally-linearized model[9] and[10]:

Ty b het) =

E{I;Zj[ya+j)—y*(r+j)]TR[y<r+j)—y*(r+j)] "

+§:Au7(t+j1)QAu(t+jl)}

Where:
h,, is the prediction horizon.
h; is the initial horizon.
h. is the control horizon.
y*(t) is the output reference.
R is the output weighting factor.
Q is the control weighting factor.
The control objective is to compute at each time t, control

inputs  that minimize the quadratic criterion
J(hi , hp , hc ,t) for this there are two cases:
e Case 1 hc = hp,hi =1

Let us first build j-step ahead predictors with following
Diophantine equation:

1=E/ (¢ HA(gHAG ) +q ' Fi(g™)
j=1...hp
Where:
E'(g)=1+eq" +...+e,q

Fig=fl+fla" +..+fuq™
The polynomials E/(g~') and F/(g™") are uniquely

-(j-D
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defined by: A(g™"),A(g™") andj.
Using equation (1) and (5) we obtain:
y(t+ )=E" (g )B(g )Au(t+j-D+F' (g )y(t) ©)
+E7(g7)E(+ )

The optimal predictor, given measured output data up to
time t and given u(t+i) for i>1, is clearly:

Y+ 1) =G (g )Au(t+j—1)+F (g () )
Where, G/(g™') = E/(¢")B(g")
G (g ) =gi+glqg" +..+glq"

then the equation above can be written in the key vector
form:

Defining =N

Y =GAU, +7, ®)

Where the vectors are all thI:
A AT AT
er{y (RS ) N y (t+h,)

AUT =|AUT (0)........... AU (t+h, -1)]

Note that G/(g )= B(g )1-q 7 F/(g™)] 4(g™HA

so that one way to computing G’ is simply to consider the
Z-transform plant’s step-response and to take the first j terms

aJ
=0 (10)
AAU,
it follows that:
AU, =(G'G+Q)'G"R(Y,-Y") (1)

Note that the first element of AUI* is Au(t)so that the
current control u(t) is given by:

u®)=u(t-D+(G'G+Q)"'G"R(Y,-Y")
0Case2hc < hp,hl. =1

It is possible to reduce computational burden by imposing
a constant control input vector after a fixed horizon h,

Au(t+j—-1)=0 forj>h,)

In this case the vector AU, and the matrix G become:

(12)

AUT =[AUT (). AUT (t+h, 1))
g, 0 .. .. 0 ]
g, gy e e 0
G= . . g
| 8n,-1 8,2 En,-h, |

3. Adaptive Control Algorithm

The adaptive controller which is proposed here is indirect

and therefore gi/ =g, for =0, 1, 2 ...< i independent of ~controller. To estimate the unknown system parameters

the particular G polynomial[9].
The matrix G is then lower-triangular of dimension
h » xh Pt

8o 0
& 8o
G =
_ghpfl ny-2 o 8o

Note that if the plant dead time d > 1 the first d-1 rows of
the Gwill be null, but if instead h; is assumed to be equal tod
the leading element is non-zero[1].

Fromthe definitions above of the vectors and with:

Y7 =y D VT (t+h

The expectation of the cost-function of (4) can be written
as follow:

J(h,h,h,,t)=
(GAU, +Y, - Y ) R(GAU, +Y,-Y") (9
+AU, QAU

The solution, AU, minimizing the criterion can be

explicitly found, using:

0= (a1 yeeesd bo ,...,bnb )T the Recursive Least

na >
Squares (RLS) algorithm parameter estimates gAlare using

fortuning of the Generalized Predictive Controller. Thus, the

obtained Adaptive Generalized Predictive Controller
generates the current control signal.
The following (RLS) algorithmhas been using:
» » AD(t -1)F(t -1
0(t) = 0t — 1) + —EDARC=DEU - (13)

1+ AD7 (1 — )F(t — DAD(t —1)

e(t) =Myt —1) -0t -DAD(E-1)  (14)

(15)

AD(t —DAD (1 =1)F(t 1)

F(t)=——| Fe-1)-

A(0) AO L AW (1) F (= 1)AD( -1)

a0
~ T
. ,bnb:|

o) =[y" (t-1),...,y" (t-na),u’ (t-1),....u" (t-n,)]

Where,

AN AN

é(t):[ﬁn vy S0 ..

Where:
£(t)is the estimation error
@(t)is the vector of data input-output
F(t) is the adaptation gain
A, (t) and A, (¢)represents forgotten factors.
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4. Simulation and Discussion

In order to illustrate the behavior of the above presented
Adaptive Generalized Predictive Control, the simulation
results of the small hydro power plant model obtained by
using on-line identification technique, are given. The model
is chosen as follows[15-17]:

y()=2.729p(t —1) +2.515y(t —2) - 0.7834 y(t - 3) =

-0.007803 u(t —1)—0.01846 u(t —2)-0.01333u(t - 3)

Several experiments have been carried out to determine a
suitable control model order an appropriate sample time for
control. A tried order model (na=3, nb=2, delay=0) sampled
at 1 second gave a reasonable description of a small hydro
power using on-line pilot plant dynamics.

The simulation has been done with respect to the
following considerations:

e The sampling time T=1

e The plant model structure na=3, nb=2 and delay=0

o The reference is chosen as a square wave

e The polynomial (C(4")chosenas C(47")=1

(16)

e The initial covariance matrix F(0):=10°

e The objective of the small hydro power control is to
track a reference. The prediction controller parameters (hp,
he, hi, Q and R) are chosen in order to get an acceptable
tracking.

hp =10, h.=3, h, =1, 0=0.98, andR=1.

First the non-disturbed small hydro power system is
controlled by Adaptive Generalized Predictive Controller to
track the set point. The tracking response is shown in figure 2
where we seen that the tracking performance is successfully
achieved.

Then, a step disturbance of 4 percent is injected in the
small hydro power output. This quantity has been included in
the output response as a forcing term to represent
unmeasured disturbances. The system response is given in
figure 4, where the tracking performance is achieved
successfully and the effect of disturbance is well rejected.

Then, the small hydro power output is affected by a
randomdisturbance as shown in figure 6. It can be seen that
the system response follows the reference with less
oscillation.

Finally, the plant was subjected to a step disturbance
coupled with a Gaussian stochastic disturbance, as shown in
figure 8, where the tracking performance is achieved
successfully. It can be observed that the Adaptive
Generalized Predictive Control shows better characteristics
conceming the variances of the plant output and the control
input.

The behavior of the model’s parameters is shown in
figures 3, 5, 7and 9.
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4.1.Case 1: Simulation in Noise Absence Conditions
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Figure 2. Plant output and control input in noise absence conditions
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Figure 3. Tuned parameters in noise absence conditions

4.2. Case 2: Simulation in Noise Presence Conditions



Journal of M echanical Engineering and Automation 2012, 2(6):

1000 - - - - - - -
500
<
= o
<
E
-500
1000 L L L L L L L
0 50 100 150 200 250 300 350 400
k
1000 - - - - - - .
500 [ A A 1
-500 b
1000 L L L L L L L
0 50 100 150 200 250 300 350 400
k
Figure 4. Response of system affected by a step disturbance
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Figure 5. Tuned parameters ofthe system affected by a step disturbance

169-175

173

1000 . . . . . . .
500
s
R
<
2
500
1000 . . . . . . .
0 50 100 150 200 250 300 350 400
k
1000 . . . . . . .
500 1
£ o
=}
-500 |
1000 . . . L . L .
0 50 100 150 200 250 300 350 400
k

Figure 6. Response of system affected by a random disturbance
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Figure 7. Tuwed parameters of the sysem affected by a random
disturbance
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Figure 8. Response of system affected by a step disturbance and a random
disturbance
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Figure 9. Tuned parameters ofthe system affected by a step disturbance
and a random disturbance

5. Conclusions

Since Morocco has plenty of hydrological resources, it
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was aimed to contribute to the economical way to use water
energy via improving Small Hydro Power pilot Plant. This
paper, include better solution in term of efficiency and
modern approach. The Adaptive Generalized Predictive
Control strategy was proposed to maintain the power
constant for any working conditions. The prediction model
is designed using the Diophantine equations solution. It has
proved that, even with important variations of the plant
output, the developed adaptive structure maintains a high
level of performances, in terms of tracking, disturbance
robustness and overshoot, cancellation of oscillation.

Thanks to using modern control, the productivity of the
power system can be augmented; the machine and power
plants are to be longer lived. Also, the pollution and CO,
emissions can be reduced.

Finally, the efficiency of the proposed controller will be
checked on an experimental test bench as soon as possible.
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