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Abstract - The paper presents a mathematical model
and a computer program for determining the override
parameters of the hydro generator and automatic
voltage regulator (AVR) at the throwing rated load:
terminal voltage override of the generator, override
time of 1,1U,, total response time or transient
duration. Essentially the method consists of simulating
the application of a negative step type perturbation at
the AVR input stage, equivalent to a throw rated load
and determine the override parameters. Further the
paper presents an experimental test on the hydro
generator from HPP Leresti — Arges, provoking a live
load rated throwing and determination of the same
parameters. Finally, compare the experimental results
and required values by international standards.
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1. INTRODUCTION

Interaction between a hydro-electric generator and
electrical power grid (EPG) occurs essentially by the
action of two automatic voltage and speed regulators.
Automatic voltage regulator (AVR) provides electrical
interaction (voltage, current, reactive power, power
factor) and automatic speed regulator (rpm) (ASR)
provides electromechanical interaction (frequency, active
power).

Excitation system and automatic voltage control
is made up of adjustable high D.C. power source and
control circuits, protection, supervision and control
(known as Automatic Voltage Regulator - AVR). This
system ensures the rotor current (excitation current)
suppling and adjustement of an operating generator and
the prefixed value maintaining of the terminal voltage.
AVR is an automatic adjustement system with negative
feedback from the generator terminal voltage and with
variable tension setting to external command.

In case of a sudden reduction/drop of the generator
terminal voltage, AVR will occur by the rapid growth of

the excitation voltage, action called excitation forcing for
returning to initial value.

If it occurs a throwing rated load, AVR will act in
different manner, it will quickly reduce the generator
terminal voltage and it will maintain it at rated value.

The throwing rated load is an action that an electric
generator coupled to a power grid is suddenly
disconnected from it and the power output is reduced
instantaneous to zero. The throwing rated load can be
caused by the action of the generator external protection
(power grid protections, high voltage bar protections,
transformer protections) or by a deliberate action.

During the high voltage switch block trigger, the
generator will remain in the first 0.2-0.3 s with a
corresponding excitation for it’s load, what will cause a
rapid increase of the generator terminal voltage (the
generator will operate without load, on the idle running
curve). AVR role is to reduce the voltage value to it’s
rated load. AVR’s reaction rate is conditioned by the time
constants and by the gain of the transfer function.

Due to the moving mass inertia, the hydro generator
rotative speed will remain for 0.2-0.5 s at baseline (rated
rotative speed) and then starts to increase after 2-3 s and
reaches a maximum value. The ASR role is to stop
increasing speed and bring it back to the rated rotative
speed. It should be noted that practically the rotative
speed increasing has no effect on the generator terminal
voltage during throwing rated load.

In conclusion, the two regulators will maintain the
generator in excited idle running mode in order to be
restarted after the fault that caused the throwing rated
voltage (Electrical Power Grid code requirement).

The main parameters that characterize the AVR
behavior in throwing rated load (override parameters) are:
¢ Generator terminal voltage override (SR) represents the

increase from rated value of the terminal voltage after

throwing rated load;
¢ Override time of 1,1U,, (tsg) is the length of time that
the terminal voltage has a value greater than 1,1 U,

after throwing rated load;

* Total response time or transient duration (At,) is the
interval between the start of the terminal voltage increase
and when it finally comes back in a band of £ 5% as a
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result of AVR action, after throwing rated load.

2. MATHEMATICAL MODEL

The developed mathematical model aims the
simulation of a hydro generator throwing rated load
mode.

The chosen model for studying the interaction
between the hydro generator and the electrical power grid
(EPG) is a simple scheme in which the generator is
connected via a transformer (transformer block) and a line
with known parameters to an infinite power bar (fig. 1).
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Fig. 1. The employment of hydrogenerator in electrical
power grid

In fig. 1. sizes with index ,,g” refers to the generator,
the index ,t” to the transformer, the index L — to the
infinite power line and index b and c to inductive and
capacitive consumers conected to the tension line.

For this scheme were writing Park Blondel transient
electric generator equations. After successive processing
and customization for case study —throwing rated voltage-
resulting equations were':

Mechanical equations:
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where:
T — mechanical timp constant
- AConec - turbine auto-regulation constant
Cmec.n

Cec.o - synchronous mode turbine mechanical torque

' The mathematical model and computer program

presented in this article has entirely original character.
Equations and models used were selected from
bibliography, have been converted, processed and custom
parameters to determine parameters of the interaction
between hydro generator and electrical power grid.

0 - hydro generator internal angle
s —hydro generator slip
U, -line voltage

Electrical equations:
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where:

X4 X4’ X47, X, , X generator’s reactances

T4, T4, generator’s time constants

eq, €'y e, electromotive force

e; rotor electromotive force (rotor related excitation
voltage).

For the complex system automatic voltage
regulator + exciter (digital type) it has been used a
developed structure with one additional signal at the AVR
input (after hydrogenerator slip / rpm) and the transfer
function from the main AVR’s line has 2 poles and one
zero[7,10] (fig. 2.)
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Fig. 2. RAT general block diagram with
transfer functions [7]

The resulting differential equations are:
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T, T,T,,,T, - time constants

k,, k. — gain constants

erl, €2, €3 - ef electromotive force ey components
€0, €r20, €p3.0— € initial components

For automatic speed regulator (ASR - digital type) of
hydro turbine it has used a simplified structure (fig. 2.) of
transfer function whose parameters were chosen from the
thecnical literature because it hasn’t an essential role in
the events that cause forcing excitation.

wWo_.
[Thi & Conwax
ui Cman
% ACm Cin Cm
- -s kv(1+pTv3) [y Cm.n
2 1+ pTyi)(1 + pTwz) AA _Cma ACn
1+5s)
Cm.min

( -clﬂ-" cm.n
sau
Cmro+ ACmr

m.n

Bloc Limitator

Fig. 3. ASR general block diagram with transfer
functions (index “m” => mechanical)

The resulting differential equations are:

dc 1

_mrl _ 1 _ _ 9
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k,, T,;, T.», T,; - AVR transfer function constants
C,., - relative mechanical torque related to the rated
mechanical torque (Ciec.)

For the perturbed mode of throwing rated load, it is
considered that rotative speed remains constant during the

period after triggering (0= 0, e; = (). That for we will

consider only generator electric equations (3) and (4) and
AVR’s equations (5), (6) and (7).

3. PROGRAMME AND RESULTS

The differential equations system were solved by
finite difference method, Runge Kutta [6]. The program
was written in C++. The program was called PRO-DINA-
ArSa.

The input vales of the program PRO-DINA-ArSa were

read of 4 data files:

1. File ,,AVR Value - ArSa” which read:

- Trl, Tr2, Tru, Ku - time constants and the gain

factor of the AVR’s transfer function;
- Te, Ke - time constant and transfer coefficient for
Exciter;

- dU - applied disturbance value;

- JP1 number of steps for integrating differential
equations in the initial steady state (0.2 s);

- JP2 - total number of steps for the entire period
(steady state and perturbed regime);

- H - integration step (typically 0.001 s).

2. File ,,ASR-PSS-ArSa characteristics”:

- time constants and coefficients of ASR’s transfer
function gain;

3. File ,,Date HG-Trafo-LEA Regim-ArSa”:

- time constants of the hydro generator, transformer,
high-voltage line, infinite power bar;

- initial data for stationary operation mode before
applying dU disturbance.

4. File ,,Reactance HG-Trafo-LEA-ArSa”:

- reactances of the hydro generator, transformer, high-
voltage line, infinite power bar;

Further the calculations and export the results:

- Calculation of HG+Transformer+line parameter;

- Calculation of stationary regime initial values: the

hydrogenerator and transformer terminal voltage and

other variables of the mathematical model;

Calculation of differential equations coefficients for

stationary mode;

Application Runge Kutta numerical integration

algorithm for a short period of stationary mode. This

yields constant and equal values to the calculated values
for the stationary mode;

After each integration step numerical values resulting

from integration: T U,,, U, Es Uggaz 6, P, Q. Results

are written to the excel file Results-ArSa.xsl;

The system initializes disturbance regime: U, gar = Uy,

9=0, e, =0;

Calculation of differential equations coefficients for

throwing rated load mode;

Application Runge Kutta numerical

algorithm for disturbance mode between 6 s;

At the end of each integration step is calculated

hydrogenerator excitation voltages and the other

operating parameters of schema elements, and resets

UgARAT =Ug.0;

After each integration step numerical values resulting

from integration: T U,, U, E; Ugpur 6, P, Q8. -

Results are written in excel file results —Results-

ArSa.xsl;

- At the end of the disturbance mode is calculated the
AVR’s performance achieved by throwing rated voltage
SR, tSR, Ata‘y.

Performance values are written to the Performances-

ArSa.dat file.

integration
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Calculation results are obtained in two Excel files: RAT parameters resulting from throwing rated load,
1. The file Results-ArSa.xls comprising a table with  shown in Table 1:

variables’ values at each integration step results - generator terminal voltage override (SR);

caiculated in program in u.r. reported at their rated - override time of 1,1Ug, (tsg);

values;

) ) - total response time or transient duration (At,).
2. The file ,Performances-ArSa.dat” including AVR’s

performances achieved and the main input values Table 1. The results obtained with the program

used by the program to verify the accuracy of reading PRO-DINA-ArSa for HG Leresti
their entry into the program. . . Initial inputs Resultes
Figure 4 shows the Organizational chart of the PRO- Var'ablet E‘g'/ T | Tw | K« | SR tsr At
DINA-ArSa software paramefer | turve 7 s ur. | % s s
5/1 0.04 | 030 | 20 0.051 | 0.587 | 2.25
T 512 0.15 ] 030 | 20 0.060 | 0.753 | 2.65
i 503 020 | 030 | 20 | 0.063 | 0.825 | 2.95
5/4 0.40 | 030 | 20 0.072 | 1.088 | 4.55
Feading irgut data froem files: 6/1 0.04 | 030 | 20 0.051 | 0.587 | 2.25
Valon BAT— ArSa dat T 6/2 0.04 | 0.18 | 20 0.057 | 0.756 | 2.72
Dararmetrii RV P90 dxfa dat 6/3 0.04 [ 0.06 [ 20 [ 0.066 | 1.053 | 2.9
Parametrii -HO—Tafo-IEA— 415 dat 7/1 0.04 | 0.30 | 30 0.046 | 0.397 | 2.05
Feactante -HG—Twfo-LE A — 81¥5a dat K. 772 0.04 | 0.30 | 20 0.051 | 0.587 | 2.25
i 713 0.04 | 030 | 10 0.065 | >7.66 | 3.91
Ele -:t:icgla]smclh]:xn:lemnt Figures 5, 6 and 7 presents examples of variation of
C cefficients of the difftrential equations response curves for throwing rated load for 4 values of the
Values for regime irntially AVR time constant of the Tr1 respectively for 3 values of
l the gain coefficient
Stabilized regime imitalization
Uzrar =Uen

!

Bunge Entta mtegmtion alzomthm applyns
for stabilized regime , 02 s 09

Parametrii suprareglarii rezultati
Ug Curba Tt SR tsh  Atas 114
1 0.04 0.051 0.587 225
2 0.15 0.060 0.753 2.65
3 0.20 0.063 0.825 295 112
4 0.40 0.072 1.088 4.55

Uex
initial
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¥ Writing o
Pertathed sy tem irmhalimation vahies calmilated at
UgRAT=U§U=5=D=E::I1=D zach step inthe file
Femltate-Lrid xls
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Funge Entta integmation alzomthm applying it
for perhurbed ragime , & 5 o3
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Calmlation of EAT performarnce |
pararmeters: SR, o At

Ug (u.r.)

Uex (Ef) (u.r.)

Fig. 5 Throwing rated load response curves for 4
values of AVR’s T, constant

Wnhng
vahies calmlated mn the file
Performante —Aria dat

STOP

Uex

Fig. 4. Organizational chart 08 1 iniial
of the PRO-DINA-ArSa software

0.7

g 1,;Ugn ;;_‘
The program was run for the HPP Leresti with P, = |5 os L 1oo >
19.5 MW and U, = 10.5 kV for throwing rated load in the 04 108
following versions (Table 1): 03] Ug .\ 4 Uex 107
- Four different values for the time constant T,; = 0.04s, 0] M L s | 1.06
0.15s, 0.20 and 0.40 and the other constants remain 01 105
the same; 0 0.5 1 1.5 2 25 3 ‘o) 3.5
- Three different values for the time constant T,, =
0.30s, 0.18 and 0.08s, the other constants remain the Fig. 6. Throwing rated load response curves for 3
same to a disturbance dU,rat= -20%; values of AVR’s T,, constant

- Three different values for the constant gain K, = 30,
20, 10, the other constants remain the same; Constants
T, = 0.07s, T, = 0.25s, K. = 0.5 ur / ur remained
unchanged.
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Fig. 7 Throwing rated load response curves for 3
values of AVR’s K, constant

In diagrams can follow the evolution of stationary
mode, in perturbated mode for excitation voltage Uex and
the generator terminals voltage Ug.

It is noted that throwing rated load occurred after 0.3
s of steady mode and excitation voltage at the generator
terminals voltage begin to stabilize after 2 -3.5 s
depending on the parameter that varies.

4. MESURMENT RESULTS

Tests were performed on hydro generator of 19.5
MW and 10.5 kV of HPP Leresti, equipped with rotating
exciter and a.c. reverse generator and RAT - powered
digital indirectly.

The rated load throw test was performed by
disconnecting block switch on the 110 kV in secondary
traformer block of HPP Leresti with generator operating
at close to rated load. There were registred the generator
terminal voltage and excitation voltage (Fig. 8)
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Fig.8. HG HPP Leresti - throwing rated load test and
graphic determining of the override (SR) quantities

Override sizes were determined graphically [12] by
recording the terminal voltage:
- generator terminals voltage override, SR, was calculated
using [12]:

U -U
SR = gmg gn (7)

an

where:

U, max - the maximum terminal voltage after rated load
throw ;

Ug, - terminal rated voltage;

Override time of 1,1U,, (tsr) is the length of time that
the terminal voltage has a value greater than 1,1 U,,, after
rated load throw and it is read from the chart curve as
defined at the end of paragraph 1.

Resulting values: SR =0.054 u.r., tsg =0.56 s si
At,y=2.1s

5. COMPARISON BETWEEN RESULTS

Table 2 shows, for comparison, results of the
calculation, the results of measurements and requirements
of international standards [8, 11] for the three parameters
of voltage override.

Table 2. Comparative values, calculated and measured

Values Sets Imposed values Result
types values
T Th K.y SR tSR Atas
s s ur. | ur. s s
Demands 0 <0.1 | <£0.3]10-50| <0,1 < <3
Calculated | 1 0.04 | 030 | 20 | 0.051 | 0.587 | 2.25
2 0.15 | 0.30 | 20 | 0.060 | 0.753 | 2.65
3 0.20 | 0.30 | 20 | 0.063 | 0.825 | 2.95
4 040 | 030 | 20 | 0.072 | 1.088 | 4.55
5 0.04 | 0.18 | 20 | 0.057 | 0.756 | 2.72
6 0.04 | 0.06 | 20 | 0.066 | 1.053 | 2.9
7 0.04 | 0.30 | 30 | 0.046 | 0.397 | 2.051
8 0.04 | 0.30 | 10 | 0.065 | >7.66 | 3.91
Measured | 9 0.04 | 030 | 15 | 0.054 | 0.56 2.10

From calculated values were chosen 8 sets of distinct
calculated results, for comparison and selection.

The analysis of calculation results for HG HPP
Leresti compared to international standards criteria for
performance parameters resulting 5 sets of values (1,2, 3,
5, 7) which fully satisfy these criteria (table 2). For these
sets of parameters corresponding sets of values for the
AVR transfer function constants.

Comparing the performance parameters calculated
with measured performance parameters is observed that
the set of values as 1 are very close to the set of existing
HG constant and determined by measurements (4.5 % —
6.6 %). Calculation error is acceptable.

So the set of values for the AVR transfer function
constants for the HG HPP Leresti determined by
calculation and verified by measurements and providing
performance parameters as required international
standards are: T,; = 0.04s, T, = 0.30s, K, =20 u.r / u.r.
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Other values constant does not change and has no
effect on the performance parameters: T, = 0.07s, T, =
0.25s, Kc=0.5ur/ur

6. CONCLUSION

Design software delivers accurate to about * 7%
measured values for override parameters. So it has
sufficient precision to predetermined transfer function
constants. After setting the transfer function constants it
can be set measurements which will validate the constant
set or will require other set constants or change only a
constant.

Computer program developed can also be used to
check a set of constants already set in case of misconduct
in relation between hydro-electric generator and electrical
power grid. It can run variants and choose another set of
constants. After setting it will be do the measures to
validate this new set of values.
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