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Abstract: This paper describes the retrofit of a governor electronic-analogical of a Francis turbine of a synchronous generator
of the decade of 1960. The author has many years of experience in maintenance in governors of hydroelectric power plants
including excitation systems. Governors are responsible to maintain constant the frequency of a power electric net. The original
model of the governor in question was obtained in local field tests, not related in this paper. In this retrofit, time constants were
maintained to respect the original project and avoid hydraulic harmful and dangerous transitory problems. The original
continuous model of the governor was simplified toa a second order model. The second order continuous model was emulated to
a discrete system. The difference equation was created and microcontroller Arduino Due was programming. The digital
controller produced, was syntonized to cancel the mathematical function of the servomotor, to reduce the grade of the resulted
system obtaining a second order system. The hydraulic part of the governor was simulated using 741 operational amplifiers.
During the tests in the workbench the author burned two Arduino’s electronic cards so it was necessary to create the electronic
interface between Arduino and the 741 amp op including over and under voltage protection. The complete set was successfully
tested in workbench. The mathematical models were priory simulated with Matlab-Simulink and there were the corresponding
electronic simulations in workbench that confirmed the results. This retrofit solution, using Arduino Due, is of low cost
compared to traditional manufacturers.
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We simplified the original continuous model to a second
order model an then we emulate to a discrete model using the
z-Transform, then we generated the difference equation.
Finally, we programed the Arduino Due. We simulate the
hydraulic part of governor using 741 operational amplifiers.
Interfaces between Arduino Due and the 741s were needed
including over and undervoltage circuit protection because of
difference level of voltages. We executed step entries both in
the mathematical models, using Matlab-Simulink, and in the
workbench set and we realized that we obtained success in
the retrofit. The final physical size of the retrofit is just of a
shoe-box. The author has worked in maintenance of
governors for many years and has observed two kinds of
professionals, one just theorical, and another just practical.
The major purpose of this work is the dialogue between

1. Introduction

It is known that a governor of a hydraulic turbine of a
synchronous generator has the function to maintain the
velocity of the rotation constant to difference electric loads of
the generator, responsible to maintain the electric frequency
net constant, figure 1. The governor electronic-analogical of
decade of 1960 was originally built with discrete components
what demanded much physical space, like a refrigerator. We
propose a retrofit using microcontroller Arduino Due,
preserving the original constants of time of the governor.
This microcontroller is employed in stereo audio applications
because he has two analogical inputs and two analogical
outputs.
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practice and theory. [1-3, 7, 15].

SYNCHRONOUS GENERATOR

DIDTRIBUTOR OPENNING - GATE

FRANCIS TURBINE

Figure 1. Turbine Francis and generator set.

2. Original Mathematical Continuous Model of the Governor

Figure 2 shows the mathematical model, in Laplace terms, of the original electronic-hydraulic governor that will suffer the
retrofit. [1, 4, 15].
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Figure 2. Mathematical model of the governor.

Figure 3 shows the simulation of step response of 100% of
the mathematical model of figure 2, using Simulink. [1, 2].
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Figure 3. Step response of the governor of 100%.
3. Second Order System

There is a rule of thumb that says that every system of
higher order can be reduced to a second order system. Figure 4
shows a second order system and Figure 5 shows the step

2.0y

response of 100% of this system. [1, 4, 6].

R(s) + E(s) > C(s)

Wn

s(s+ 20wy

Figure 4. Second order system.
Comparing figure 3 and figure 5 we estimate:
. =035 1)

Looking to figure 3 we estimate the time of stabilization, t;
is:

_ 46 _
ts= ~—-=25s 2)
Using (1) and (2) we find:
.0, = 0.52 rad/s 3)
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Figure 5. Steps response (100%) second order system.

4. New Equivalent Syntonized Model of the Original Model of the Governor

Figure 6 shows the new syntonized transfer function G to cancel the transfer function of the servomotor. The step 100%
response was preserved both n time and in shape, as calculated in paragraph 3. [1, 4].
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Figure 6. New model of the governor:
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Based on figure 4 and (1) and (3), we make G syntonized to cancel the servomotor transference function, so G becomes:
G = 0.52%.(0.1s + 1)/(s + 0.36) 4)

The new second order equivalent model of the governor is shown in figure 7.
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Figure 7. New second order equivalent model of the governor.

Looking to G(s), given by (4) the zero is s; = -10, so using

. . . 6) and (7 have:
5. Discrete Time Equivalent Model of the (@ () wehave
Reduced Second Order New Model of zl = e71%%% = 0.1353 (®)
the Original Governor In the same way, the pole of G(s), s, = -0.36, so:
We will discretize the function G(s) to the function D(z). This z2 = ¢~ 03692 = (0,9305 )

technique is known as emulation. The function D(z) is given for: .
So, using (8) and (9), (5) becomes:

D(z) =k(z—2z1 — 72 5
@) = k(z =21/ = 22) ©) D(2) = k.(z — 0.1353)/(z — 0.9305)  (10)
z= e (6) .
But for s =0, from (6), z= 1, and (4) and (10) are equivalent,
We choose: then:
T < 25/100T =0.2s @)
k.(1-0.1353)/(1 — 0.9305) = 0.27.(0.1.0 + 1) /(0 + 0.36) (11)
k =0.06 (12)

Then D(z), the digital controller, becomes:
D(z) = (0.06.z —0.0082)/(z — 0.9305) (13)
Then, our new digital model becomes:

ARDUINO OUTPUT

N

DISTRIBUTOR OPENNIG - GATE

082- 0082 1 " =
0 » » -
.9 209308 —Fl s 0,131 | »

Discete Zero-Order Atuador Servomotor
Transfer Fon Hols

100% STEP

Figure 8. Digitalized new model of the original governor.
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The step 100% response of the governor and the digital
controller are: figures 9 and 10.

Comparing figure 9, the digitalized governor to figure 3, the
original one we find them similar. [1, 5, 8].

DIGITAL CONTROLLER OUTPUT -V

TIME -5

DISTRIBUTOR OPENNING - GATE-V

Figure 10. Output of the digital controller of the new governor model.

6. Difference Equation and Programing

TIME -5 the Arduino Due
Figure 9. Output of the digital governor. Figure 11 shows a schema of the digitalized governor.
MECHANIC REGULATOR
r(t) e(k) u(®) ¥(©
D

Figure 11. Digitalized governor.
From (13) and figure 11 we have:
D(z) = u(z)/e(z) = (0.06 — 0.0082z71) /(1 — 0.9305z1) (14)

u(z).(1—0.9305z71) = e(2)(0.06 — 0.0082z~1) (15)
Calculating the Inverse z-Transform of (15), we find the following difference equation:
u(k) = 0.9305.u(k — 1) + 0.06e(k) — 0.0082e(k — 1) (16)

Looking to figure 11, for the programming of the Arduino Due we use the auxiliar equations:

u=u + 0.06.e (17)
U = 0.9305.u,4 — 0.0082.¢4 (18)
e=r—-y (19)

The program code of the Arduino Due is shown in figure 12.
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Algoritmo 4 Codigo Computacional do Controlador Digital Implementado com o Ar-

duino Due T' = 0,2 segundo

Codigo Computacional do Controlador Digital do Regulador de Velocidade T =0.2

segundo

double uold = 0;

double eold = 0:
4: double e

double r

double y
8: double yi
double u
double uli = 0;
int naux = 0;
12: const int analogInPin0
const int analogInPinl
void setup ()

0

0
double ri = 0;
0

(

0

Ao
Al

16: pinMode (analogInPin0INPUT);
pinMode (analogInPinl INPUT);
pinMode (DACO,OUTPUT);
analogRead Resolution (12);

20: analogWrite Resolution(12);

void loop () {

ri = analogRead (analogInPin0);
24: 1 = 1ri*10/4095;

vi = analogRead (anaqlogInPinl);

v = vi*10/1095;

e =r-y
28: u = uli + 0.06%;
uaux = int((2047/3.4)%u + 2047)):
analogWrite (DACO,uaux):
uold = u;
32 eold = e;
uli = 0.9305%uo0ld - 0.0082*%eold;

delay(200):

}

Espere 0,25

Inicializagao das variaveis

Pino da referéncia ri
Pino de vi

Portas de Entrada e Saida

Comeca o lago de controle

Saida do controlador digital

Figure 12. Programing code of the Arduino Due.

As can be seen in line 34 of the code, we use T to 0.2s. In
line 26 the number 10, represents the voltage of the full
opening (100%) of the distributor, the output of the governor.
The number 4095 in line 24 in the code is because of the

110VCA

T

number of steps of the conversion A/D of the Arduino Due.
The number 3.4 in line 29 is the total output in voltages of the
conversion D/A. [1, 5, 8-11].
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Figure 13. DC Source of +/-15.
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7. Electronic Interface of the Arduino
Due, Sources and f the Simulator
Hydraulic Part of the Governor

Initially we show the circuit of the source of +/- 15 VDC,
figure 13, to feed the interfaces and the electronic simulator of
the hydraulic part of the governor that use the 741 amp ops.
The ICs 7815 and 7915 should use radiators.

Then transformers are of 110/16 VAC, 25 VA.

Arduino Due should be feed with DC voltage between 7 and
12, we choosed 8 VDC. Figure 14 shows the circuit to feed the
Arduino Due. The IC 7808 should use radiator.

Figure 15 shows the original model of the governor,

compare to figure 2, using amplifiers, integrators and adders.
We will use model of figure 15 except the gain of the

actuator of 20, see figure 8, to synthesize the hydraulic part of

the governor using 741 amp ops, as can be seen in figure 16.

7808

g1
Inl_l/l Put
2
+BVCC

+15VCC

GND

77
Figure 14. The DC source of Arduino Due.

transitory speaddroop

permanent speadroop

ytt)

Figure 16. Hydraulic part of the governor.

NOTE: ALL ELECTRONIC CIRCUITS IN THIS PAPER, USING THE 741 AMP. OP. EMPLOYE NULL POTENTIOMETERS, NOT SHOWN, IN THE

DIAGRAMS THAT COULD OVERCHARGE THEM.
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Figure 17 shows the interface and protective overvoltage  give a step input of 20%. The fusible is of 100 mA and the
and undervoltage circuit of the first analogical input port (AO0)  diode IN746 is a Zener of 3.3 V.
of the Arduino Due. The potentiometer is set to 100 mV, to
e

+HXC ~

INPUT - r(t)

~EREr
InT

/_J7 Arduino Due

Figure 17. Interface and protective input of Arduino Due.

Figure 18 shows the interface and the protective circuit (similar to A0) of the feedback input of the second analogical port input
of Arduino Due (A1). That is the reason why this Arduino is known as Due (two in Italian language).

Al

ZEn 6 Arduino Due

-

H e Yee )
@ ™ °| b——{__}——— DISTRIBUTOR OPENNING - GATE - y(f)

Figure 18. Interface and protective feedback input of Arduino Due.

Figure 19 shows the interface output port (DACO) of  analogical output between 0,55VDC and 2,75VDC.. The
Arduino Due. This port converts the digital output to  signal y(t), opening of the distributor, must varies between 0
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and 10 VDC. We remember that the feeding of the 741 amp op s +/- 15 VDC so the necessity of interface.

Arduino
Due

DACO

Figure 19. Interface output of Arduino Due.

Figure 20 shows the complete circuit set (inputs and output interfaces and protective circuits) of Arduino Due. [1, 6, 10, 11, 12,
13, 14].
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Figure 20. Complete inputs and output set of Arduino Due.

u(t) to a step input of 20% of the model of figure 8.
8. Tests and Results Figure 22 shows the sane simulation and the response signal
y(t), opening of distributor.
Figure 21 shows the simulation of the response of the signal
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Figure 23 shows the photo of the complete retrofit of the
governor in the workbench, Arduino Due, the smallest card
(the green one), the hydraulic simulator, the smaller card and

OUTPUT DIGITAL CONTROLLER -V

G-GATE-V

DISTRIBUTOR OPENN
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s

TIME -s

Figure 21. Signal u(t) to a step input of 20%.

TIME -5

Figure 22. Signal y(t), distributor opening to a step input of 20%.

the interface, the big one.

Figure 23. The retrofit of the governor.

Figure 24 shows the linearity of input (reference, r)/output
(distributor opening, y) of the entire circuit of the retrofit of
the governor.

12

~—— Curva Entrada-Saida ]
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Figure 24. Linearity of input-r/output-y of the retrofit.

Figure 25 shows the photo of the screen of the oscilloscope
after the step input of 20% of the retrofit of the governor. [1].

-— Bit Map
Type

Bit Map

Figure 25. The step response of 20% of the retrofit of the governor.

9. Conclusion

Comparing figures 21, 22 and 25 we find that we achieved
success in the retrofit. Additional program routine is needed to
start with assurance the Arduino Due to execute the control.
The reference, r can be also internally digitally adjusted. The
program code shown in figure 12, was registered in the
Brazilian Bureau of Patents — INPI (Instituto Nacional de
Propriedade Industrial). This retrofit solution is of very low
cost compared with traditional manufacturers and the original
physical size was reduced from a refrigerator to a shoe-box [1,
5, 8].
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