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Abstract: One of the most important criteria for the stability of electrical networks, is the frequency of the voltage produced.
This frequency is subjected to the hazards of the load connected to the turbo generator group. Indeed, the balance of the
frequency results from the balance between active power produced by the turbo alternator group and power demanded by the
load connected to the network. This paper presents a comparative study of three methods of regulation to solve the problem of
frequency fluctuations in hydroelectric plants: modified Proportional-Integral-Derivative (PID) control, Internal Model
Control (IMC) and Infinite Horizon (Heo) Control. Simulation model in the presence of these has been established in Matlab /
Simulink. The results of the simulation have subsequently revealed their robustness, which demonstrates once again their
reliability.
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generator group at the Songloulou hydroelectric plants
in Cameroon:

2. The synthesis of an adaptive internal model command

for the system.

3. The synthesis of an infinite horizon command for the

system.

In this context, it will deal with the structure of the control
system that allows it to follow the requirements of
globalization in terms of adaptation (stability, speed,
accuracy).

The content of this article is structured as follows: Section
IT presents the related works. Section III presents the
following contributions about the optimization of the
correctors used in hydroelectric power plants and Section IV
presents the different results of simulations inherent to the

1. Introduction

The role of a frequency control system of a power plant is to
ensure a balance between the energy produced and the energy
consumed by the users, connected to the network. The
efficiency of such a system can be estimated through its ability
to respond quickly to user demand, without causing
instabilities in the installation. Despite the desire to control
consumption, demand tends to grow higher, not only in
quantity but also in the quality of the service, especially in the
developing countries. It is most often characterized by a high
growth of demand, due to rampant urbanization and recurrent
aging production equipment, causing variations in the
parameters of the control system. In order to provide a long-
term solution to this problem, numerous studies have been

conducted on automatic controllers in recent decades [1-8].
The main contributions of this work are:
1. The identification of the parameters of the first-order
model, of the frequency regulation system of a turbo-

validation of our models, and the performance of the
correctors in an environment subjected to disturbances.
Matlab and Simulink is used in the development of the
mathematical model and the simulation study.
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2. Related Work

The block diagram of a hydroelectric plant including the speed control system is shown in Figure 1 below, [9-10]:
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Figure 1. Block diagram of the speed control system for a hydroelectric power plant.

The Songloulou hydropower plant has the following
characteristics: Francis Turbine (P=49.5MW, D=4.55m),
synchronous alternator (S = 57MVA, Cos (¢) = 0.85, U =
10.3kV, D = 9.20m, J = 8800 t / m2), MIPREG controller
600c.

The modeling of the frequency regulation system of a
turbo-generator group of the Songloulou hydroelectric plant
in Cameroon was presented [11]. It have thus been able to
obtain the transfer functions of the different organs entering
the control chain; the active power chain and therefore, the
load has also been presented. Subsequently it synthesized a
PID corrector by the method of Ziegler and Nichols that it
optimized [12]. Figure 2 shows the graph of the open-loop
transfer function (for a 0.5mA step-type input) of the system
and Figure 3 shows the comparative index responses of the
system after correction.
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Figure 2. Open loop system response to a 0.54 step type input.
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Figure 3. Calculated PID and Modified PID index responses.

3. New Contribution

3.1. Identification of the Parameters of the First Order
Model of the System

In order to identify the parameters of the first order
system, the frequency control system of a turbo alternator
group of the Songloulou plant, and in the absence of the
experimental results, often used the results obtained on the
virtual laboratory of Matlab (see figure 2). Given the large
number of indices, the Matlab toolbox was used to obtain the
most accurate first order model possible using the least
squares method.

The model thus obtained has the function of transfer:

M(s)= 100.085

= 1
1+42.589s )

Figure 4 shows the responses of the open-loop system (in
blue) and the first-order model (in red) to a step-type input of
0.5mA (idling conditions).
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Figure 4. Comparing growths of open-loop system responses and model.

There is a good correlation between the system and the
proposed first order model.

3.2. Synthesis of the Internal Model Control (IMC)

The Internal Model Control (IMC) is part of the model
commands, whose purpose is to follow the process to the
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same dynamics as its model, they are generalized through a
presentation starting from four well-defined functional blocks
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[13-15]. Its block diagram is shown in Figure 5.
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Figure 5. Block diagram of the internal model control.

Where y,.is the set point, e is the modified set point, u is
the controller output, d is the disturbance and Y., is the
process model output.

From this block diagram often deduce the equations
governing the system:

€= Vo —(PCe—MCe+d) @
y=PCe+d
From where
_ CcP . 1-CM 3)
T e(p-m) " Tivc(P-m)

From equation (3), it appears that to remove any
perturbation d, one must have at all times [13]:

1-CM =0 “4)
Is:
C=L =y (5)
M

Once the above condition is verified, the result always get:

V= Yrer (6)

If P is stable (which is the case here), and if the model is
perfect (P = M), then the system controlled by the internal
model structure is stable if and only if the corrector C is
stable. This implies that the transfer function of the model is
invertible and that its inverse is feasible, which is not always
the case; the model being first-rate, should have:

- Ky
M(S)_ 1+7,s

)

Where K), is the static gain, ), is the time constant.
The corrector that would be propose has the function of
transfer:

_ I+71),s
s+K,,

c(s) (®)

A robustness filter is generally introduced in the feedback
loop which makes it possible to avoid performance
degradation in the presence of a too large difference between
Pand M [16].

Control Plant d
Vref e u i* y
—»(O— C » P >
+ A +
Model
mod vt Adaptation
» M »O
F |«

Robustness filter

Figure 6. Block diagram of the modified internal model command.
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The simplest filters are of the form [17]:

1
Fls)=— 9
(5 (1+75)" ®
and
Fs)= 1+ntps (10)
(1+TFS)n

Where 7 is a tuning parameter for the speed of the closed
loop, 7 is the order of the process.

However, there chose to use a filter of the following form
(with b> 1) to avoid the appearance of oscillations in the
control when the system reacts quickly:

_ l+1ps
F(S)_—HkrFs (11)

Where £ is the any constant.

The correct choice of filter parameters allows us to act on
the speed and accuracy of the process compared to its model,
to control the robustness and also to soften the order. In
addition, this configuration allows us to choose a model that
is faster than the process, without degrading system
performance and thus, improving speed and control.

The transfer function of the fast model is:

b (5) = 100083
1+10.7s
10,75 +1
-0t 14
(s) 5 +100.085 (14)
F(s): 07SS+1
0.93755 +1

3.3. Synthesis of Infinite H Control

3.3.1 Formulation and Resolution of the Problem
Command

The robust control H2 or Hoo (advanced frequency control)
was born from the search for a better formalization of the
specifications by mathematical criteria, whose effective
resolution allows to synthesize a corrector satisfying these
specifications [18].

The standard Hoo robust control problem is defined as
follows (Figure 7) [19]:

Nr—Z  w——
ol PO [y A
>
K (s) j U P (s) %
() (b

Figure 7. Representation in Standard form'of a system for synthesis Hw, (a)
with corrector, (b) with uncertainty.

mr=—Fu (12)
I+7,s In this representation:
) 1. P (s): represents the generalized process.
By choosing: 2. K (s): represents the corrector.
. 3. A(s): represents the modeling of uncertainties.
Ty =Ty / 4 4. W: represents the exogenous entries of the system
7 =0.75 (13) (entries to follow and disturbances to reject).
k=125 5. Z: represents the signals to be controlled (errors
between setpoints and outputs of the system for
Should obtain: example).
6. Y: represents the outputs accessible to the system
measurement.
7. U: represents the control signals of the process.
ol Wy(s) b—r
€3
Wi(s) —s
. b
/l\ I"I'J;](S) j—
20 K(s) . G(s) ;

oL NS

Figure 8. Diagram of synthesis Ho 4 blocks.

The synthesis of the Hoo corrector goes through the

resolution of the so-called mixed sensitivity problem. Today,
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a formulation based on three weighting functions is generally
used because it is sufficient to solve a large part of the
synthesis problems. This formulation is based on the diagram
that is represented below called 4 blocks [20-21].

The 4-block summary scheme is based on the use of three
weighting functions.

For this, the diagram of Figure 8 is considered, in which
the error € is weighted by the filter W1 (s), the command u
by W2 (s), and the disturbance input b by W3 (s) [21].

Considering r and b as inputs and e; and e, as performance
signals, the standard Hoo problem is to look for a number.

Y > 0 and a corrector K (s) stabilizing the looped system,
and ensuring : y> 0 and a corrector K (s) stabilizing the
looped system, and ensuring [21]:

||M (s)"w <y (15)

With

o (s)K($)S(s)  wa(s)T(s)a )
~ 1
SO R as
T(s)=1-5(s)
Where [18-19] [21-22]:
1
PO )

Q|

(T(s) = ()

O Represents the maximum singular value.

The filters W1 (s), W2 (s) and W3 (s) thus makes it
possible to dynamically limit (to the value of y near) the
various transfers S, KS, SG and T.

Generally, these filters are chosen as follows [19-22]:

1. The template on S is chosen to ensure precision
objectives. For this reason it is necessary to choose a
high-pass filter with a lower gain at low frequencies.
The heartbeat for which the template intersects the 0dB
axis can be interpreted as the minimum bandwidth
desired for servo control. The value of the high
frequency mask limits the maximum of the frequency
response of S, which imposes a module margin at least
equal to its inverse. At high frequencies no constraint is
imposed on S.

2. The template on KS (‘Wz_l (S)D is chosen as a low-pass

filter with a low gain at high frequencies, beyond the
bandwidth set for servo control. This constraint is even
more severe than the attenuation requested intervenes

close to the cutoff pulse of the open loop. At low
frequencies no constraint is imposed on KS.

3. The template on SG depends on the two filters W1 (s)
and W3 (s). In some cases, just choose W3 (s) constant,
to adjust the attenuation at low frequencies
(introduction of an integral effect in the corrector).
Moreover, in medium frequencies the behavior of SG
can be modified using W3 (s). This may be useful for
obtaining proper transient behavior in response to a
disturbance.

4. The template on KSG is imposed by the previous
choices.

This 4-block methodology requires the adjustment of three
weighting functions (W1, W2 and W3), which can be tricky
for some complex control systems.

Equation (19) gives the notion of "loop shaping"(loop
formation) for the synthesis of a robust controller Heo, in
order to satisfy the compromise "robustness performance"
(Figure 9) [18].

— 6(L)
‘--..,__‘ \/I

|G4| DESIRED LOOPSHAPE

W, 1 o(T)

PERFORMANCE
odp | BOUND .
ROBUSTNESS
| BOUND
_— W, |
6(S) 3

6(L)

DESIRED CROSSOVER nl;c

Figure 9. Loop shaping specifications.

These considerations illustrate the unavoidable trade-off of
single-variable linear automatism, accuracy / stability: any
increase in singular values improves performance at low
frequencies, but can lead to instability. The best compromise
implies that in the vicinity of the cutoff frequency, the
singular values are quite close to each other [20].

Once the functions W1, W2 and W3 have been chosen, the
resolution of the standard control problem is done by means
of the GLOVER - DOYLE algorithm and the resolution of
the Riccati equations [18]. That will not discuss here this
resolution more or less complex, since the corrector can now
be obtained directly from Matlab using the "mixsyn"
command.

Note that this controller is of the same order as the system
augmented by the weighting functions [18].

3.3.2. Synthesis of the Regulator Ho
On the basis of the criteria previously established, there
choose as weighting functions:

s+100

—_— 20
s+0.0001 (20)

w(s) =
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,(s)=0 0055 1

Wy (s)=0.01

4. Simulation Results

21

) MATLAB/Simulink, as shown in figure 10 for the model of
@n the power plant in the presence of the modified PID, figure
11 for the model of the power plant in the presence of the

(22) modified IMC and figure
in the presence of the
turbine / alternator block,
introduce the disturbance.

In this paper, the simulation model of the power plant in
the presence of different controllers has been established in

[} &

Standart base frequency PID Modif A

B

Gaussian

num(s)

den(s)

PID Modif B

12 for the model of the power plant
infinite H controller. Inside each
has added the power chain block to
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Figure 10. Model of the power plant in the presence of the modified.
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Figure 11. Model of the power plant in the presence of the Modified IMC controller.
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Figure 12. Model of the power plant in the presence of the Infinite H controller.s.
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4.1. In the Absence of Disturbances

As simulate for 500 seconds, the response of the system at
a step of 0.5 mA without corrector and with corrector (Figure
13); this simulation corresponds to the conditions of idling.
The frequency is well maintained at the value of 50 Hz. It
should be noted that the startup phase is subjected to a
procedure that does not take into account the correctors,
which therefore have no interest during this phase.

4.2. In the Presence of Disturbances

As simulate during 2500s the response of the system to a
load disturbance (demand of 48 MW power) appearing at
500s, under a gross drop height of 39 m.

In the absence of a corrector, the frequency drops to 1.333
Hz for a speed of w = 3.199 tr/min (Figure 12). In the
presence of the controllers, the disturbance is quickly
eliminated. Figure 15 and Figure 16 shows the evolution of
the winnowing associated with each controller and Figure 17
highlights the load torque and motor torque associated with
each controller.

That introduce the actual operating conditions: the nominal
load is 48MW and white Gaussian noise (average 48MW,
variance 10MW). The results are shown in Figure 18. The

Korassai ef al.: Comparative Analysis of PID, IMC, Infinite H Controllers for Frequency Control in Hydroelectric Plants

frequency in all three cases is always maintained around 50
Hz.

Tables 1, 2 and 3 present the corrected frequencies, the
water flow, the winnowing, the servo valve control currents,
the motor torques and the power generated by the turbo-
generator for the different types of correctors proposed with
disturbance (demand of 48MW power). While noted that 2
seconds after a disturbance, the frequency when controlled
with the modified PID controller, fell below the normal range
([48-52] Hz) and is at 47.96 Hz. At the same time, it is 49.01
Hz with the modified IMC controller and 49.89 with the
Infinite H controller. It is realized that for small variations
around the nominal operating point, all chosen controllers are
suitable.

However, when these disturbances become important, the
PID is no longer effective, and the infinite H controller is
more robust than the IMC controller.

In addition, these tables show the flexibility of the
different correctors compared to the constraints of the
mechanical organs. We realize the different regimes are
imposed by the PID command, regimes that are slightly
mitigated by the IMC command, whereas, the infinite H
command imposes less varied regimes.

60 60
=507, 50 -
z =
= Iz — Without controller
5 = —— Modified PID
S 2 Modified IMC
525 —Without controller g 25 Infinite H
8 ~—Modified PID 2
T ~Modified IMC
Infinite H
0
0 100 200 300 400 500 O s s - p
Time (s) Time (s)
(a) (b)
Figure 13. Frequency versus time curves, unladen (a) normal, (b) zoom.
60 50
550 "
- )
>
o 30
&30 5
S & 20
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0 1.333
0 500 1000 1500 2000 2500 400  s00  s10  s520 830 840
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(@ ®)

Figure 14. Frequency output of the alterna

tor without controller (a) normal, (b) zoom.
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Figure 15. Frequency output of the alternator with controller, (a) normal, (b) zoom.
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Figure 18. Power demanded by the load (a), frequency with PID corrector (b), with IMC corrector (c), with infinite H corrector (d).

Table 1. Parameters of the hydroelectric power plant with Modified PID controller.

Time Frequency Speed Flow Winnowing Control current Motor Torque Power Produced
(s) (Hz) (tr/min) (m%/s) (%) (mA) (10°N.m) (MW)
250 50.00 120.00 18.94 9.99 0.50 0.00 0.00
350 50.00 120.00 18.94 9.99 0.50 0.00 0.00
490 50.00 120.00 18.94 9.99 0.50 0.00 0.00
500 50.00 120.00 18.94 9.99 0.50 1.01 1.27
502 47.96 115.10 37.34 20.23 1.14 7.67 9.25
504 48.03 115.27 45.33 24.68 1.26 10.53 12.71
506 48.56 116.55 46.57 25.37 1.27 10.85 13.25
508 49.00 117.60 46.50 25.33 1.27 10.73 13.22
510 49.31 118.33 45.71 24.89 1.25 10.39 12.87
520 49.71 119.31 48.39 26.38 1.33 11.23 14.03
530 49.76 119.42 51.91 28.34 1.42 12.44 15.56
540 49.77 119.45 55.35 30.26 1.52 13.63 17.05
600 49.83 119.59 72.94 40.05 2.01 19.7 24.67
700 49.89 119.74 93.16 51.30 2.57 26.67 33.44
900 49.96 119.90 113.68 62.72 3.14 33.71 42.33
1000 49.97 119.94 118.61 65.46 3.27 35.4 44.46
1500 50.00 119.99 126.04 70.00 3.48 37.95 47.68
2000 50.00 120.00 126.75 70.00 3.50 38.19 47.99
2500 50.00 120.00 126.82 70.03 3.50 38.21 48.02

Table 2. Parameters of the hydroelectric power plant with Modified IMC controller.

Time Frequency Speed Flow Winnowing Control current Motor Torque Power Produced
(s) (Hz) (tr/min) (m/s) (%) (mA) (10°N.m) (MW)
250 50.00 120.00 18.94 9.99 0.50 0.00 0.00
350 50.00 120.00 18.94 9.99 0.50 0.00 0.00
490 50.00 120.00 18.94 9.99 0.50 0.00 0.00
500 50.00 120.00 18.94 9.99 0.50 1.01 1.27
502 49.01 117.62 41.44 22.51 1.16 8.95 11.02
504 49.07 117.77 43.36 23.59 1.19 9.61 11.86
506 49.19 118.05 44.22 24.06 1.21 9.89 12.23
508 49.29 118.30 44.95 24.47 1.23 10.13 12.55
510 49.40 118.55 44.86 24.42 1.23 10.07 12.50
520 49.64 119.14 48.43 26.40 1.33 11.26 14.05
530 49.74 119.38 51.96 28.37 1.42 12.46 15.58
540 49.78 119.48 55.38 30.27 1.52 13.64 17.06
600 49.85 119.65 72.95 40.06 2.01 19.7 24.68
700 49.91 119.78 93.18 51.31 2.57 26.66 33.44
900 49.96 119.91 113.69 62.73 3.14 33.71 42.33
1000 49.98 119.95 118.62 65.47 3.27 35.40 44.47
1500 50.00 119.99 126.04 70.00 3.48 37.95 47.69
2000 50.00 120.00 126.75 70.00 3.50 38.19 47.99

2500 50.00 120.00 126.82 70.03 3.50 38.21 48.02
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Table 3. Parameters of the hydroelectric power plant with Infinite H controllers.

25

Time Frequency Speed Flow Winnowing Control current Motor Torque Power Produced
(s) (Hz) (tr/min) (m’/s) (%) (mA) (10°N.m) (MW)
250 50.01 120.02 18.94 9.99 0.50 0.00 0.00
350 50.00 120.00 18.94 9.99 0.50 0.00 0.00
490 50.00 120.00 18.94 9.99 0.50 0.00 0.00
500 50.00 120.00 18.94 9.99 0.50 1.01 1.27
502 49.89 119.75 42.09 22.87 0.99 9.01 49.49
504 49.89 119.75 42.94 23.35 0.87 9.31 49.49
506 49.89 119.76 43.76 23.80 0.99 9.59 49.49
508 49.89 119.76 44.55 24.25 1.08 9.87 49.49
510 49.90 119.77 44.56 24.25 1.21 9.87 12.37
520 49.91 119.78 48.35 26.36 1.32 11.18 14.02
530 49.91 119.79 51.96 28.37 1.42 12.42 15.58
540 49.92 119.80 55.41 30.29 1.50 13.61 17.08
600 49.94 119.85 73.01 40.09 2.01 19.68 24.71
700 49.96 119.90 93.24 51.35 2.57 26.66 33.47
900 49.98 119.96 113.74 62.75 3.14 33.72 42.35
1000 49.99 119.97 118.65 65.49 327 35.41 44.48
1500 50.00 119.99 126.05 70.00 3.47 37.95 47.69
2000 50.00 119.99 126.75 70.00 3.49 38.19 47.99
2500 50.00 119.99 126.81 70.03 3.50 38.21 48.02

5. Conclusion

In this paper, the speed control system of a group of
Songloulou hydroelectric plant was modeled and simulated. The
different simulations showed a good similitude between the real
system and its model. Often chose a modified PID corrector to
simulate the current operation of the control system, then two
robust correctors, IMC and Infinite H for its improvement.
Simulations carried out under the Matlab / Simulink
environment have corroborated further predictions that a robust
corrector (in this case H infinite) would be more suitable for
frequency control in Songloulou. However, new perspectives
open up for the rest of this work. There are thinking about the
sizing and implementation of a ballast resistor to more
effectively buffer sudden large amplitude variations.
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