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On the Induction Motor Rotor Flux Estimation in
the Electric Traction Systems with Rotor Flux-
Oriented Control

Mihaela Popescu*, Alexandru Bitoleanu®*, Constantin Vlad Suru* and Tudor Matusa*
* University of Craiova, Faculty of Electrical Engineering, Craiova, Romania, mpopescu@em.ucv.ro

Abstract - Characterized by very good performance in both
steady-state and dynamic regimes and also by a relatively
simple control structure, the induction motor control with
rotor flux orientation is frequently adopted in electric drive
systems, especially in electric traction applications. This
paper analyses the possibilities of rotor flux estimation in a
real Romanian electric traction system of locomotives.
Thus, to estimate the magnitude of rotor flux and the angu-
lar position of the rotor flux vector, two possibilities are
identified and discussed. First, the use of the sensed speed
and stator currents is taken into consideration, and then the
use of the measured supply voltages and the stator currents
is the second alternative. Dedicated algorithms were de-
signed for their related control. Both variants are analyzed
through the results of the simulations obtained based on the
specific models created in the Matlab/Simulink software.
Four values of the imposed speed are taken into account in
the performed analysis. It is highlighted that, in real condi-
tions where the drive system is provided with speed sensor
and there is no sine filter for the distorted motor supply
voltage, the best option to estimate the rotor flux is to use
the measured speed and the stator currents.

Cuvinte cheie: motor asincon, control cu orientare dupa fluxul
rotoric, estimarea fluxului rotoric, tractiunea electrica a loco-
motivelor, controlul vitezei.

Keywords: induction motor, rotor flux-oriented control, rotor
flux estimation, locomotives electric traction, speed control.

I. INTRODUCTION

The field-oriented control method is one of the most
used in the control of induction motors, ever since its pro-
posal in the 1970s [1]. In short, to have good dynamic
torque control as in the case of the direct current machine,
the field-oriented control refers to the decoupling the
torque and flux of the induction motor in a rotating refer-
ence frame. Clearly, the field-oriented control has much
better performance compared to the classic V/f control [2].
The most common implementations consider the orienta-
tion according to the rotor flux. Using the components of
the stator current in the rotating coordinates system (d, q)
aligned with the rotor flux, the flux control is achieved by
the d-axis current, whereas the torque control is achieved
by the g-axis current. This control method is used in many
applications, such as electric vehicles or traction applica-
tions [3]-[8].

To avoid using rotor flux sensors in the control scheme,
the indirect control of the rotor flux is most often adopted,
which involves the calculation of flux magnitude and its

position starting from the operating equations of the in-
duction motor, through model-based estimators [9]-[12].

There are many flux estimation approaches in the litera-
ture, some of which are based on the stator model, while
others on the rotor model. For example, the Gopinath ob-
server consists of two open-loop estimators, based on the
stator or rotor models, depending on the speed range [13],
[14]. An existing alternative in the literature is the use of
non-linear observers, especially based on the sliding-mode
theory [13], [15], [16]. One of the concerns is increasing
the level of robustness in relation to disturbances and vari-
ation of the induction motor parameters.

In order to increase the performance of the control sys-
tem, one of the researchers' concerns is taking into consid-
eration phenomena such as the magnetic saturation, the
dependence of motor parameters on temperature and the
iron losses [14], [18], [19]. As an adaption method for the
estimation of the rotor time constant, the online tuning of
this constant is proposed in [18], by using the voltage
model of the induction motor, which does not depend on
rotor time constant, as the rotor flux reference model. In
[19], based on the steady state model of the electrical
drive, it is proposed to eliminate the rotor time constant
from the control algorithm.

It must be clearly taken into account that the choice of
the suitable method for estimating the rotor flux depends
on the concrete application of the vector control. Specifi-
cally, the requirements regarding the required perfor-
mance and the existing hardware resources lead to the
choice of the appropriate method.

This paper analyses the possible options for estimating
the rotor flux in the case of the electric locomotive traction
system with induction motor and rotor flux-oriented con-
trol, equipped with speed sensor and without sine wave
output filter at the inverter output.

This real system belongs to a Romanian company deal-
ing with the modernization of locomotives.

The paper is organized as follows. Section II presents
the possibilities of estimating the rotor flux in the physical
system taken into consideration. Then, the performance of
the rotor flux estimation approaches is analyzed based on
modeling and simulation in the Matlab/Simulink envi-
ronment for different imposed motor speeds. Finally, Sec-
tion I'V concludes this paper.

II. POSSIBILITIES OF ESTIMATING THE ROTOR FLUX

To estimate the rotor flux in the real traction system
taken into consideration, two possibilities were identified.
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A.  Estimation of the Rotor Flux Based on Speed and
Stator Currents

When the rotor flux is estimated based on speed and
stator currents, the block diagram in Fig. 1 highlights the
speed control path followed by the active current (i) con-
trol path. There is also the rotor flux control path followed
by the reactive current (i;) control path. Each control path
contains a controller of proportional-integral (PI) type,
witch provide the prescribed values of the active current
and reactive current respectively.

The gating signals for the power semiconductor devices
are provided by a three-phase hysteresis band current con-
troller designed to have a limited switching frequency [4].

Because three coordinate systems are used (three-phase
(a, b, c), orthogonal stationary (a, B) and orthogonal rotat-
ing (d, q)), the transformation of quantities from one ref-
erence frame to another is performed through blocks BT,
BT, and BTj3, that materialize specific transformation
expressions [8], [20].

The calculation of the rotor flux magnitude ¥, and its
angular position () is done in the block Cy, which has as
inputs the components iy, and i3 of the stator current vec-
tor and the sensed rotor speed (), as shown in Fig. 2. The
following equations are involved [4], [8]:

v

ra

= f (_pmlprﬁ - i_:lp?'a + Lr:_?isa)dt; (1)

LRy,

Ry
lprﬁ = f(pw‘l’m - L_r B + L 15,3) dt. (2)

Yy, = /qiﬁa + W 3)

Ysq : l‘usﬂ
= : sind = .
cosd v, ¥, 4)

In the above equations, (¥,, ¥,;) are the components of
the rotor flux vector in (o, B) reference frame; L, is the
magnetization inductance; R, and L, are the total phase
rotor resistance and inductance referred to the stator; o is
the rotor speed; p is the number of pole pairs; A is the po-
sition angle of the rotor flux vector with respect to the o-
axis.

As illustrated in Fig. 2, the magnetization inductance is
estimated based on magnetization characteristic. Also, the
dependence of the rotor resistance as a function of tem-
perature is considered. For this, it is approximated that the
temperature of the rotor is equal to that of the stator,
which is measured by a temperature sensor.

X BT, = BT

3 1 2

g @B/

*
i R
sp ic

o.B| Aa,b,c

A +— Calculation, ‘ls_" (0,B)
W | ¥Yrand isp

V VY

Fig. 1. Control block diagram of the induction motor, when the estima-
tion of rotor flux is based on speed and stator currents.

x|cos(h)
Y5 +

A LA
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Fig. 2. The calculation of the rotor flux magnitude and its angular posi-
tion based on speed and stator currents.

B.  Estimation of the Rotor Flux Based on Voltages and
Stator Currents
The associated control block diagram of the induction
motor when the estimation of rotor flux is based on volt-
ages and stator currents is shown in Fig. 3 and the specific
structure of rotor flux calculation in Fig. 4 illustrates the
following calculation expressions [8]:

lpsaz = f(vsa - Rsisa)dt; (5)

3 ,'*5 BT2 * %

PN i*
(0] sq Iq
—’C?—’-—' @ @
-A® Ib »
| [ L Fsa Iy i/ g Vsl
=l 0Bl fabep
lS(‘l.
XtCalcuIationQ— (@B
W | Wrand | i b Ti
angle L [ Aa.bc) BT Vs T,
v sa,|
b Cy + 2 (B PT4 M
v 3
1 Aa,b,c
T,

Fig. 3. Control block diagram of the induction motor, when the estima-
tion of rotor flux is based on voltages and stator currents.

Vo | (abe)—
(o, B)

Ty | @be)—
—>
Lg (0, B)

Temp
Estim| - 1

Fig. 4. The calculation of the rotor flux magnitude and its angular posi-
tion based on voltages and stator currents.
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III. PERFORMANCE OF THE ROTOR FLUX ESTIMATION
APPROACHES

In order to analyze the performance in the rotor flux-
oriented control system applied in the field of electric trac-
tion of locomotives for the two flux estimation approach-
es, specific Simulink models were conceived and the sim-
ulation of the system operation at four imposed speeds
was carried out. The main parameters of the real induction
motor used in Romanian locomotives are summarized in
Table 1. It is noticed that the load torque taken into con-
sideration has three components: a constant component; a
component dependent on the speed; other component de-
pendent on the square of the speed.

A. Case of Rotor Flux Estimation on the Basis of Speed
and Stator Currents

1) Prescribed speed is 0.2 wy

In the case of low speed ramp prescription (0.2wy), the
response of the control system (Fig. 5) shows a very a
very faithful tracking of the prescribed speed by the actual
speed. The steady state error is very low (about 0.4%).

The time evolutions of the load and motor torques (Fig.
6) illustrate that, after the end of the transient regime, the
motor torque is practically equal to the load torque. Fig. 7
highlights the evolution of the estimated rotor flux and its
prescribed value. It can be seen that, in steady state re-
gime, the two values of the flux are practical the same
(about 2.488 Wb). The operation of the system with rotor
flux orientation is confirmed by the zero value of the g-
axis component of the rotor flux.

Also, as shown in Fig. 8, the sinusoidal waveforms of
the rotor flux components in the stationary reference
frame axes (a and B) confirm the correct operation of the
system. The stator current components in the rotating ref-
erence frame (d, q) are very close to the prescribed values
during the whole operation (Fig. 9).

TABLE 1.
MAIN PARAMETERS OF THE INDUCTION MOTOR USED IN ROMANIAN
LOCOMOTIVES
Uy (V) | Py (kW) | fiv (Hz) )4 In(A) |ny(rpm)|Ty(N-m)
1400 1150 62.5 3 576 1237 8877
Ri(©Q) [La(mH)| R; () |L (mH)| R () |Lun (mH)
0.021 0.288 0.012 0.275 89.38 9.46

250
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o

Speed (rpm)
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1 2
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o

o

o

3 4 5 6
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Fig. 5. Real speed (in blue) and prescribed speed (in red) in case of rotor
flux estimation based on speed and stator currents, when 0.2@\y is pre-
scribed.
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Fig. 6. Load torque (in red) and motor torque (in black) in case of rotor
flux estimation based on speed and stator currents, when 0.2@\y is pre-

scribed.
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Fig. 7. Real rotor flux (in blue), prescribed rotor flux (in red) and g-axis
component of the flux component (in green) in case of rotor flux estima-
tion based on speed and stator currents, when 0.2y is prescribed.
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Fig. 8. o-axis component (in blue) and p-axis component of the rotor
flux (in black) in case of rotor flux estimation based on speed and stator
currents, when 0.2@y is prescribed.

Current (A)

o

3
Time (s)

Fig. 9. Real iy (in blue); prescribed i, (in red); real iy, (in green); pre-
scribed iy, (in black) in case of rotor flux estimation based on speed and
stator currents, when 0.2y is prescribed.

Phase current (A)
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Fig. 10. Stator phase current (in blue) and its prescribed value (in red) in
case of rotor flux estimation based on speed and stator currents, when
0.2y is prescribed.
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Although it follows the sinusoidal evolution of the
prescribed current, the stator current has a high degree of
harmonic distortion at this low speed (Fig. 10).

2) Prescribed speed is 0.6 oy

The second value of the prescribed speed taken into
consideration is 740 rpm (about 0.6my). First, the very
good behavior of following the prescribed speed is high-
lighted (Fig. 11). The steady state error is below 0.14 %.
The existence of a dynamic torque throughout the acceler-
ation period followed by reaching the load torque are il-
lustrated in Fig. 12. The prescribed rotor flux is also very
well followed by the real one (Fig. 13). The components
(prescribed and real) of the stator current in the rotating
reference frame (d, q) are illustrated in Fig. 14. They are
very close in values. As shown in Fig. 15, the phase stator
current still has a high level of distortion, but lower than at
the speed of 0.2y

800
/ 4
~ 600
£ /
= 400 /. .
=)
(]
o
Q. 200
)
‘705 71 '715 72 '75
i i i
% 1 2 8

3 4 5
Time (s)
Fig. 11. Real speed (in blue) and prescribed speed (in red) in case of
rotor flux estimation based on speed and stator currents, when 0.6@y is

prescribed.
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Fig. 12. Load torque (in red) and motor torque (in black) in case of rotor
flux estimation based on speed and stator currents, when 0.6®y is pre-
scribed.
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Fig. 13. Real rotor flux (in blue) and prescribed rotor flux (in red) in
case of rotor flux estimation based on speed and stator currents, when
0.6y is prescribed.
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Fig. 14. Real i, (in blue); prescribed iy, (in red); real iy, (in green);
prescribed i, (in black) in case of rotor flux estimation based on speed
and stator currents, when 0.6@y is prescribed.
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Fig. 15. Stator phase current (in blue) and its prescribed value (in red) in
case of rotor flux estimation based on speed and stator currents, when
0.6@n is prescribed.

3) Prescribed speed is

When the nominal value of the speed (1237 rpm) is pre-
scribed, it is also accurately followed (Fig. 16). The load
and motor torques are practically equal in steady state
operation, as shown in Fig. 17. It can be seen that the im-
posed rotor flux is very well followed (Fig. 18).

1500 ;

1000

500 12 I
/ 123

* Time (s)3

Speed (rpm)

Fig. 16. Real speed (in blue) and prescribed speed (in red) in case of
rotor flux estimation based on speed and stator currents, when @y is

prescribed.
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Fig. 17. Load torque (in red) and motor torque (in black) in case of rotor
flux estimation based on speed and stator currents, when @y is pre-
scribed.
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Fig. 18. Real rotor flux (in blue), prescribed rotor flux (in red) and g-
axis component of the flux component (in green) in case of rotor flux
estimation based on speed and stator currents, when @y is prescribed.
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Fig. 19. Real iy (in blue); prescribed iy, (in red); real iy, (in green);
prescribed iy, (in black) in case of rotor flux estimation based on speed
and stator currents, when @y is prescribed.
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Fig. 19 shows the (d, q) stator current components and
their prescribed values, which are very close to each other.
As illustrated in Fig. 20, the magnetization inductance
depends on the magnetization current. The stator current is
closer to the prescribed value than at lower prescribed
speeds (Fig. 21), with a lower total harmonic distortion
factor (about 17%).

4) Prescribed speed is 1.6y

The last value of the prescribed speed taken into con-
sideration in the analysis is 1983 rpm (about 1.6wy). In
this situation as well, the prescribed ramp speed is fol-
lowed faithfully (Fig. 22). The equality between the
torque developed by the induction motor and the load
torque in steady state regime is very well illustrated in Fig.
23. At this high value of the prescribed speed, the pre-
scribed rotor flux no longer has a constant value through-
out the range of speed variation. It is 2.488 Wb when the
speed is bellow the nominal value and then, it is reduced
up to the value of 1.55 Wb, which is inversely proportion-
al to the speed (Fig. 24). It can be seen that the real rotor
flux accurately follows the prescribed value. The magneti-
zation inductance evolution is shown in Fig. 25. The pre-
scribed components of the stator current in the (d, q) ref-
erence frame are illustrated in Fig. 26 along with their real
values, making evident very close values. From Fig. 27, it
can be seen that the phase current is slightly more distort-
ed than in the case of prescribing the nominal speed.
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Fig. 20. Magnetization inductance in accordance with the magnetization
current in case of rotor flux estimation based on speed and stator cur-
rents, when @y is prescribed.
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Fig. 21. Stator phase current (in blue) and its prescribed value (in red) in
case of rotor flux estimation based on speed and stator currents, when
@y is prescribed.
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Fig. 22. Real speed (in blue) and prescribed speed (in red) in case of
rotor flux estimation based on speed and stator currents, when 1.6y is
prescribed.
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Fig. 23. Load torque (in red) and motor torque (in black) in case of rotor
flux estimation based on speed and stator currents, when 1.6®y is pre-
scribed.
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Fig. 24. Real rotor flux (in blue) and prescribed rotor flux (in red) in
case of rotor flux estimation based on speed and stator currents, when
1.6@y is prescribed.
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Fig. 25. The magnetization inductance evolution in case of rotor flux
estimation based on speed and stator currents, when 1.6@y is pre-

scribed.
1000
L 11| s S TR LISy . KIS SERSIRERRR SRS
< /\
N~
D e e B
i}:’ 400 N\
6 200/ \Tsm
0 ’ r—
2005 2 4 6 8 10 12
Time (s)

Fig. 26. Real i, (in blue); prescribed iy, (in red); real iy, (in green);
prescribed iy, (in black) in case of rotor flux estimation based on speed
and stator currents, when 1.6@y is prescribed.
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Fig. 27. Stator phase current (in blue) and its prescribed value (in red) in
case of rotor flux estimation based on speed and stator currents, when
1.6@y is prescribed.
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B.  Case of Rotor Flux Estimation on the Basis of
Voltages and Stator Currents

As stated previously, other possibility for estimation the
rotor flux consists in using the measured voltages instead
the measured speed.

It should be mentioned that this version faces difficul-
ties in implementation because the voltage supplied by the
inverter is much distorted and its precise measurement is
not simple. Moreover, there is no voltage sensor in the
physical system on which the proposed control will be
implemented.

However, by simulation, for all the prescribed speeds
taken into consideration, it is shown that the estimated
rotor flux is very close to the one obtained in the case of
rotor flux estimation on the basis of measured speed and
stator currents. Fig. 28, Fig. 29, Fig. 30 and Fig. 31 illus-
trate the estimated rotor flux for the four prescribed speeds
(0.2wy, 0.600y, @y and 1.6my) compared with those esti-
mated through the other method.
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Fig. 28. Prescribed rotor flux in case of rotor flux estimation based on
speed and stator currents (in blue) and in case of rotor flux estimation
based on voltages and stator currents (in red), when 0.2y is prescribed.
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Fig. 29. Prescribed rotor flux in case of rotor flux estimation based on
speed and stator currents (in blue) and in case of rotor flux estimation
based on voltages and stator currents (in red), when 0.6®N is pre-

scribed.
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Fig. 30. Prescribed rotor flux in case of rotor flux estimation based on
speed and stator currents (in blue) and in case of rotor flux estimation
based on voltages and stator currents (in red), when @y is prescribed.
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Fig. 31. Prescribed rotor flux in case of rotor flux estimation based on
speed and stator currents (in blue) and in case of rotor flux estimation
based on voltages and stator currents (in red), when 1.6y is prescribed.

If the values of the prescribed rotor flux calculated by
the two methods are compared, it can be seen that, alt-
hough they are very close, there are small oscillations of
the prescribed flux in the case of rotor flux estimation
based on voltages and stator currents, especially at low
speeds (Fig. 28, Fig. 29, Fig. 30 and Fig. 31).

A possible alternative to measuring the distorted volt-
age could be its generation based on the inverter’s IGBTs
control signals.

When the waveforms of the measured and generated
phase voltage are analyzed (Fig. 32), they appear to be
identical at first glance.

Nevertheless, when the difference between the two-
phase voltages is calculated, its time evolution (Fig. 33)
shows that the phase voltage generated from IGBTs con-
trol signals is not very accurate.

As a natural consequence, the rotor flux estimated by
using the calculated phase voltages from the control sig-
nals of the IGBTSs is not acceptable, because it has large
and unacceptable pulsations (Fig. 34).
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Fig. 32. Measured phase voltage (in red) and calculated phase voltage
based on the control signals of the IGBTs (in black) when the prescribed
speed is 1.6my.
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Fig. 33. Difference between the measured phase voltage and calculated
phase voltage based on the e IGBTs’ control signals when the pre-
scribed speed is 1.60n.
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Fig. 34. Rotor flux (in blue) and its prescribed value (in red), when the
rotor flux is estimated on the basis of the calculated phase voltage from
the IGBTSs’ control signals and the prescribed speed is 1.6@n.

IV. CONCLUSIONS

From the analysis of the possibilities of estimating the
rotor flux, it results that that use of the measured speed
and stator currents leads to the best results, i.e. very good
performance of the control system.

As a conclusion, it is the chosen method for rotor flux
estimation, especially in the case of the induction motor
used in the locomotive traction system on which vector
control will be implemented.

The estimation of the rotor flux by using the IGBTs
control signals is not a viable solution.

It is intended to implement the rotor flux-oriented con-
trol with rotor flux estimation based on the measured
speed and stator currents for a railway traction motor in a
Romanian company dealing with the modernization of
locomotives.
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Abstract — This paper presents some experimental aspects
related to the operation of asynchronous motors powered at
variable voltage. A modern system for actuation of low-
power asynchronous motors is presented, equipped with a
voltage and frequency converter. Also, a data acquisition
system is presented, with a sampling frequency of up to 100
kHz, supervised by an acquisition program that allows the
visualization of the variations of the main characteristic
sizes of the motor. The program contains both graphic inter-
faces developed by the manufacturer and by the authors of
the paper. This program solves, among other things, an elec-
tromagnetic compatibility problem. The experimental tests
carried out with the help of this system (in permanent non-
sinusoidal regime at various power supply frequencies) are
detailed. Technical details of the main system components
are provided. The tests are accompanied by photos taken
during the experiments and many original explanatory
graphics. The authors' contributions are mainly in the soft-
ware area. Thus, in the original program, a series of win-
dows for harmonic analysis and visualization of the charac-
teristic phasors of the analyzed electrical quantities were
implemented. The paper ends with the main conclusions
resulting from the completion of the study and with a repre-
sentative bibliography.

Cuvinte cheie: motor asincron, convertor de tensiune, sistem
de achizitii de date, program de monitorizare, analiza armoni-
ca.

Keywords: asynchronous motor, voltage converter, data acqui-
sition system, monitoring program, harmonic analysis.

1. INTRODUCTION

In practice, there are many situations that require ad-
justing the speed of asynchronous motors.

Among these, the most used are those that use voltage
and frequency converters, or only voltage converters,
which are the subject of an impressive number of papers
published at prestigious conferences [1], [2], [3].

Dedicated data acquisition systems [4], [5], [6], with
high sampling frequencies, can be used to monitor them.

The present paper belongs to this field.

A modern monitoring system for low-power electric
machines is presented, with an application for an asyn-
chronous motor with short-circuited rotor fed from a vari-
able voltage source [7], [8].

A graphic interface that solves, among other things, an
electromagnetic compatibility problem is detailed.

II. TEST STAND

The test stand used (sampling rates 100 kHz) was pre-
sented in detail in the paper [9].

From the multitude of blocks available, to complete the
detailed research in this paper, the blocks from figures 1-
5 were used.

£ NDUCTION MOTOR

FOUR-POLE SQUIRREL CAG

® [

. *

Fig. 2. Asynchronous Motor block.
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POWER SUPPLY : III. ASSEMBLY DIAGRAM AND MONITORING WINDOWS

To carry out the experiments, the mounting scheme
from figure 6 was used.

Fig. 6. Mounting scheme.

The meanings of the notations are the following:
- AM — asynchronous motor;

- D — dynamometer;

- TC — voltage converter;

- E1, E2 — voltage transducers;

- 11, 12 — current transducers;

- T — torque transducer;

- N — speed transducer.

The system includes a monitoring program [10], with
visualization and analysis windows also made by the au-
thors. The most important windows are included in figure
7 (Metering, Phasor Analyser, Harmonic Analyzer and
Spectrum Analyzer).

Fig. 4. Dynamometer block.

e B °E

Fi. 7. The most important windows of the prram.

7 Of these, the last three will be detailed for the practical
DATA ACQUISITION INTERFACE o situations considered relevant for the current research.

couPuTER VO

IV. EXPERIMENTAL DETERMINATIONS

With the help of the previously detailed assembly, a se-
ries of tests were carried out, considered relevant.

Three line voltages were preferred:

-380 V (0 Nm and 1 Nm);

-300 V (0 Nm and 1 Nm);

-220 V(0 Nm and 1 Nm).

The graphic representations obtained are shown in fig-
ures 8,9, 10,11, 12 and 13.

POWER SUPPLY

Fig. 5. The Data Acq—l;i_sition Interface block.
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To facilitate the analysis of these representations, Ta-
ble I was completed.

TABLE L
CENTRALIZING DATA
The
Voltage | Couple | Harm.3 Harm. 5 Harm. 7 hase
[Vl [Nm] [%] [%] (%] P [o]
0 1,9 44 1,3 107,3
380
1 0,8 4,7 0,8 97,3
0 0,8 3,0 0,5 105,0
300
1 0,7 3,9 0,3 85,2
0 1,1 2,9 0,7 96,2
220
1 0,6 3,7 0,6 66,9

V. CONCLUSIONS

The paper is an application of the use of a data acquisi-
tion and visualization program used on an actuation sys-
tem with an asynchronous motor and variable voltage
source.

Among the important contributions made by the authors
in the paper, it should be stated that they added to the ex-
isting monitoring program, several modules for calcula-
tion and visualization of the phase shift angle of the phas-
ors and harmonic analysis of non-sinusoidal quantities.

The program can be used in many practical situations
(the paper presents a particular case considered to be rep-
resentative).

Following the analyzes performed, according to Figures
8-13 and Table I, for the proposed application, the follow-
ing conclusions were obtained:

- the current absorbed by the motor has a relatively im-
portant content of odd harmonics, in which the 5th order
harmonic predominates;

- the importance of this harmonic increases as the load
increases, regardless of the voltage value;

- for the other odd harmonics (the cases of the 3rd and
7th order harmonics were exemplified), as the load in-
creases, their importance decreases;

- the phase shift angle between the current and the line
voltage (obviously inductive), decreases when the load
increases;

- the spectral analysis of the current highlights the im-
portant content of odd harmonics.
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Abstract — The paper presents the mathematical support and
the results of some simulations related to a new method of
analyzing the stability of induction motors powered at vari-
able frequency. After a brief introduction to the proposed
issue, the mathematical model of the motor, written with
relative values, is detailed. Taking this model as a starting
point, a Matlab stability analysis program was created. By
running this program, a series of graphs were obtained,
detailed in the paper (two graphs are represented each, ob-
tained for different conditions, which facilitate their com-
parison and obtaining conclusions). They refer to four spe-
cific cases regarding the modification of static inductance,
rotor inductance, stator resistance and rotor resistance.
Analyzing these graphs, the necessary conclusions were
drawn. The conclusions are important, mainly in the design
phase of the machine, to finalize the structure correspond-
ing to the most stable operation of the drive system with
asynchronous motor and static voltage and frequency con-
verter. They highlight the influences of the most important
parameters of the motor on the stability of the functioning
of systems with such a structure. The paper ends with a
representative bibliography for the proposed study.

Cuvinte cheie: motor asincron, frecventa variabila, stabilitate,
model matematic, Matlab, simulari.

Keywords: induction motor, variable frequency, stability,
mathematical model, Matlab, simulations.

I. INTRODUCTION

The problem of asynchronous motors powered at varia-
ble frequency is very topical due to the multiple practical
applications that use this type of actuation [1]-[5], etc.

This all the more recently when there is a massive shift
to the use of electric cars [6], [7], [8] etc.

The use of an unconventional power supply can lead to
stability problems of the actuation system.

To avoid this problem, the stability analysis is required,
the analysis quite popular in the current literature [9], [10],
[11].

The present paper is part of this trend. The influences of
the motor parameters on the stability are analyzed with the
help of some modeling in the Matlab environment.

II. THE MATHEMATICAL MODEL IN RELATIVE VALUES

To achieve the proposed circuit, the mathematical mod-
el of the induction machine written in relative values was
used [12].

The notations are those used in specialized literature:
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*

0y =55 (¥ — k¥ + ==+ jo, ¥
/*
0=s () —k¥)+—+ joy —0 ¥, (1)
) dt
L. —%Im[@i)*if]— m,
dt Xy

The condition is imposed that the pulsation changes in
jumps with a small value.

In this case it is obtained:

Or + Aoy =51, [ W7+ AW — k(P! 4 AW+
d(¥ +AY))
t—

+ j(@y + Aoy )Y, +AY)
dt

0= sy, ]+ a¥] k(e +a¥))s
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+—(_’ — )+
dt
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The equations from (1) and (2) are processed accord-
ingly.
It is obtained:

Awg =(sps + jo, +5)-AY, —sp k- AP + 5
+j-¥, Ao,
0= s -k -A¥, + (55 + AP + j(Aw, — A0)¥.

k * /¥ /% L* )*
__*Im|:($s)' AY, +¥, Al

St

A d(Ae)) _
dt

(the operational variable was denoted with s).
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In the following, a series of simplifications of the writ-
ing were made.

The following approximations can also be made:

g ¥ Ry
JY¥ =1 and ¥, =k. 4
Under these conditions, the (3) relationships become:
X * /*
O0=(sps + joog +)AY — 53 -k -AY,, (5)

k((Aa)* - Aa): ): —Sp k- Ag: +(Sp + s)Aii*

Next, it is considered that the motor was running with-
out load before changing the frequency.

In this case, due to the low frequency of the rotor cur-
rent, its active component can be neglected.

So it can be written:

AP — kA,
— ©
dx

N

L I
Aiy, =Ai, + jAi

Al =
gr =Rlg. =

By solving the system (5) relatively to A‘PS* and

%
A‘Pr/ by replacing these relations in (6), after computa-
tions, it is obtained:

L.k
s+ jog +é&

Ai .
d .o . ¥
’ 52+(Sks+Skr+]a)s)s+skr(5+1ws) (7

k(Aw —Awy)

In the previous relation, the notation was used:

* *

2 v 18
e=(1=k")sps =5 =—7 . (8)

xS x}"

*
When @, 20,1 it results that it can be considered
(with approximation):

ko
i =1 amd =i ©)
The Laplace transform is applied to relation (9).
It is obtained:
hs-Aw =-——Re(AY, —kAY,) , (10)

Xt

The equivalent relation has the form:
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k
hs-Aw” =——Re(A¥); — kAW, ), (11)
Xst
or:
hs-Aw" = —kAi') (12)

In what follows, using the previous relations, the stabil-
ity of systems with such a structure will be analyzed.

III. STABILITY ANALYSIS

To analyze the stability of induction motors powered at
variable frequency, a complex program was created [13].

The program, made in the Matlab environment, con-
tains three modules that realize:

- the necessary calculations for the representations cor-
responding to the motor with real parameters;

- the necessary calculations for the representations cor-
responding to the motor with modified parameters;

-representation of comparative characteristics.

This program was used to study the influences of in-
ductances (stator and rotor) and resistances (stator and
rotor).

To carry out the simulations, a 1.1 kW induction motor
with a short-circuited rotor was considered, with the fol-

lowing parameters:
R=7,5Q; R/=5,5€Q; Ls=0,529H;

L =0,528 H; L,;,=0,498 H; J=0,004 kgm’.

The following numerical cases were considered:
A. Cases Ls=0,529 H, Ls=0,54 H ;

B. Cases Lr=0,528 H, Lr=0,54 H;

C. Cases Rs=7,5 Q , Rs=9 Q;

D. Cases Rr=5,5 Q, Rr=7 Q.

The graphs corresponding to the four cases are repre-
sented in figures 1-4.

The following features are detailed:

- amplitude - pulsation;
- phase - pulsation;
- amplitude — phase;

- the hodograph.
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A. Figures obtained for the case of changing the static
inductance =

d) the hodograph
Fig. 1. Characteristics corresponding to the cases Ls=0.529 H (red),
Ls=0.54 H (blue).

B. Figures obtained for the case of changing the rotor
inductance

16
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d) the hodograph
Fig. 2. Characteristics corresponding to the cases Lr=0.528 H (red), ¢
Lr=0.54 H (blue).
C. Figures obtained for the case of changing the stator
resistance

d) the hodograph

Fig. 3. Characteristics corresponding to the cases Rs=7,5 Q (red), Rs=9
a) Q (blue).

17
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D. Figures obtained for the case of changing the rotor
resistance

d) the hodograph

Fig. 4. Characteristics corresponding to the cases Rr=5,5 Q (red), Rr=7
Q (blue).

IV. CONCLUSIONS

The characteristics in figures 1-4 provide a series of
mathematical results, centralized in tables I and II.

TABLE L
THE VALUES OF THE CHANGED PARAMETERS
Parameters Abs. value Phase margin
0,529 75,54
Ls
0,54 71,94
0,528 75,54
L/
" 0,54 70,62
7,5 75,54
Rs
9 75,86
5,5 75,54
R’
! 7 80,25
TABLE II.
THE PERCENTAGE VARIATIONS OF THE PARAMETERS
Percent variation of Percent variation of
Parameters K
the parameter the phase margin
L 2,08 4,7
L 2,27 6,5
Ry 20 1,3
R! 27,2 6,2

From the analysis of the previous results, the following
conclusions were obtained:

18
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- when the static inductance increases, the stability of
the system decreases;

- when the rotor inductance increases, the stability also
decreases;

- the increase in the value of the stator resistance deter-
mines the increase in stability;

- increasing the value of the rotor resistance also leads
to increasing the stability of the system;

- the inductances influence the stability of the motor the
most (with a plus for the rotor inductance);

- the smallest influence is the resistance of the stator
winding.
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Abstract - Today's electrical networks, as part of the nation-
al power system, must meet a number of requirements im-
posed on power transmission and distribution equipment.
The main requirements are: continuity of electricity supply
to consumers, operational safety, quality of electricity sup-
plied, development of networks, economic viability of in-
vestments, environmental impact requirements. In this con-
text, the testing of the technical performance of the various
elements that make up the electrical networks, both at the
design stage and, in particular, at the certification stage, is
of great importance and is regulated by internationally rec-
ognised technical standards and norms. The performance of
tests under laboratory conditions requires the existence of
specialised installations and equipment capable of generat-
ing the electrical parameters to which the various elements
of electrical networks are subjected, for the purpose of per-
formance testing and certification. The paper presents an
installation for carrying out thermal tests on the current
paths of electrical power equipment with a fully digital con-
trol system based on virtual instrumentation, which replaces
the physical control panel made up of electronic modules
and analogue devices. This enables the transition from pri-
marily manual local control by the operator to remote con-
trol and eventually full automation of the thermal test pro-
cess for medium and low voltage switchgear. By taking ad-
vantage of virtual instrumentation, the solution can be easily
implemented and enhanced by integrating process control
and computerisation applications.

Cuvinte cheie: curenti intensi, echipamente electrice de putere,
instrumentatie virtuald, sistem de comanda i control, teste de
crestere a temperaturii.

Keywords: high currents, electrical power equipment, virtual
instrumentation, command and control system, temperature rise
tests.

I. INTRODUCTION

The temperature rise tests [1], [2] performed on
low/medium voltage switchgear assemblies require a sta-
ble and highly efficient current source. The source should
be capable of delivering a wide range of currents with
greater accuracy than that required by the test standards
[3]. There are several types of power supply suitable for
the application, depending on the installed power, maxi-
mum current output and load voltage. Conventional
sources use synchronous generators as voltage regulators,
one for each phase of the source. These generators are
simultaneously driven by a DC motor which sets the fre-
quency of the voltages produced [4]. The effective value
of the voltage, i.e. the currents generated by the source, is

20

controlled by the excitation currents of the three genera-
tors. This system has several drawbacks, including com-
plex control and regulation of frequency and current am-
plitude, difficult maintenance, lower reliability, and opera-
tion with noise and mechanical vibration. Fig. 1 shows the
schematic diagram of the installation for the thermal test-
ing of the current paths of the electrical power equipment,
in which the group of electrical machines is replaced by a
set of three regulating autotransformers. The proposed
installation is based on a three-phase stabilised AC power
source capable of delivering high intensity 50 Hz sinusoi-
dal currents, adjustable over a wide range, and is designed
to perform temperature rise tests on low/medium voltage
switchgear assemblies complying with SR EN 60439-1
and SR EN 62271-1.

The proposed installation includes, in addition to a sta-
bilized AC power source, a computerized system for
command, control, and regulation, as well as a system for
measuring, acquiring, processing, and storing data that
describes the thermal behavior of the tested equipment.

II. THREE-PHASE HIGH CURRENT SOURCE

A standard three-phase adjustable AC power source
with automatic control consists of a source power scheme,
a computerised control and automation system and a
measurement, acquisition, processing and data storage
system.

The main technical characteristics of the power source
used in the electrical equipment testing laboratories are:

- rated supply voltage: 3 x 400Vac, 50Hz;

- rated installed power:

- 225 kVA, three-phase balanced;

- 75 kVA, single phase;

- maximum current per load: 10 kAef, for a balanced
load with a maximum impedance of 6.5 x 10™* Q.

A. Source power diagram

The power circuit of the adjustable three-phase AC
power supply with automatic control is shown in Fig. 1
and includes:

1) Power supply cabinet (PSC)

The power supply cabinet is designed to supply the
three-phase power circuit of the source as well as the con-
trol, measurement and protection circuits. It is equipped
with a dedicated relay to monitor the power supply volt-
ages from the low voltage network [5], [6].

2) Voltage regulating autotransformer group, type
ATMU-75, consisting of three single-phase units
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~Ur

“Us

Power supply
cabinet

ut

Control and automation panel

Fig. 1. Block diagram of the functions of the proposed system.

The three electrically controlled ATMU single-phase
autotransformer units represent the elements of the power
diagram that allow the control of the current flowing from
the source. The autotransformers are oil cooled and have a
unique design that is based on the magnetic flux beam
splitting principle [7], [8] (Patent RO117053 (B1) /
28.09.2001, owned by ICMET Craiova). The design
principle and construction details are presented in the
following figures (Fig. 2...Fig. 5).

According to this principle, the voltage regulation step
can be as small as desired without increasing the coil
height. However, for technological reasons, it is limited to
a maximum of 0.2 V, with a maximum voltage per turn of
2.4V (voltage per turn in the classic design).

The voltage U 5x; obtained at the output terminals of the
autotransformer is given by the relationship:

UAXl:UAx/N'Il"‘UAX]/N'k/K (1)

where:

- Uax is the nominal supply voltage of the
autotransformer, i.e. 230V, 50Hz;

- N is the total number of turns
autotransformer;

of the

UAX1

Fig. 2. Principle of beam splitting.

- 1 is the number of turns between the end A of the
winding and the active roller of the current
collector sliding shoe;

- K is the number of half-sections of the magnetic
flux divider;

-k is the number of flux divider half-sections in the
circuit of the last turn, corresponding to the
position of the brush on the fixed collector.

n<N

2

(€)

The output voltage regulation step is given by the
relationship:

k<K

AUAXIZUAX/N' 1/K

“)

Fig. 3. Internal structure of the autotransformer showing the flux divider
and slip ring collector.

Autotransformers are equipped with electrical systems
to actuate and control the voltage and, implicitly, the
slider position. The design principle and cursor position
command and control allows the current source to
introduce no harmonic distortion into the current
waveform.

Fig. 4. Local autotransformer control and protection box.

The autotransformers have a high transformer ratio
(230 V/0-250 V) and are equipped with local control and
slider actuator protection boxes (Fig. 4), which allow:

a) local MANUAL control of the slider;
b) selection of the LOCAL - REMOTE control mode;

¢) autotransformer overload protection by monitoring
the oil temperature in the tank;

d) local monitoring and  protection
autotransformer drive system.

the

of
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Fig. 5. Voltage regulating autotransformer group - three single-phase
units.

3) Intermediate power transformer group,
TMAi-75 - three single-phase units

The three TMAI intermediate power transformers (Fig.
6) correspond to the voltage between the ATMU
regulating autotransformers and the TMAf final
transformers, in order to obtain accurate current
regulation, corresponding to accuracy class 0.2, over a
wide range of load impedances specific to the current
paths inside the low and medium voltage distribution
cabinets manufactured and tested by the beneficiary.

The intermediate transformers are air-cooled and the
secondary is divided into four equal winding sections. The
sections have the same rated current and can be connected
in series, parallel or series-parallel by means of a manual
selector with strap bands to obtain different transformation
ratios.

type

Fig. 6. Intermediate power transformer group - three single-phase units.

4) Final power transformer group, type TMAf-75 -
three single-phase units

The final power transformer block (Fig. 7) consists of
three single-phase TMATS units. These transformers are
air-cooled and the primary winding is divided into four
equal sections, identical to the secondary windings of the
TMAI transformers.

The sections have the same rated current and can be
connected in series, parallel or series-parallel by means of
a manual selector with strap bands to obtain different
transformation ratios.

Fig. 7. Final power transformer group - three single-phase units

The high current secondary winding consists of three
turns and is placed over the primary winding on the
central column of the "shell" type magnetic core to
optimise the electromagnetic coupling between the two
windings.

The secondary winding consists of four copper bars,
each 10x120 mm in cross section, arranged in parallel at a
distance of 10 mm to optimise cooling. Additional cooling
of the secondary windings is provided by a forced
ventilation system, which is automatically controlled by a
thermostat when the bar temperature exceeds exceeds
120° C, equivalent to insulation class F.

5) Busbar system

The source busbar system (Fig. 8) provides the
transition of the source output terminals from the room
where the power circuit elements are located to the
adjacent room where the thermal tests on the distribution
cabinets/cells are carried out. The 10,000/5A ratio current
transformers used in the source control and automation
circuit and the metering circuit are located on the system
busbars. The bars are made from 10x120mm copper
strips, arranged in parallel (across the width of the bar)
10mm apart to optimise cooling.

Fig. 8. Source output busbar system

III. COMPUTERISED COMMAND, CONTROL AND
REGULATION SYSTEM

A. Hardware component of the system

Fig. 9 shows the hardware components of the proposed
system [12].



Annals of the University of Craiova, Electrical Engineering series, No. 47, Issue 1, 2023; ISSN 1842-4805 elSSN 2971-9852

Lg N
230V, 50Hz
s ) U PN 5
i !
PD-2512 - MEAN WELL ——o+12V !
3

Autotransformer
ATMU-R

Autotransformer control
and protection box - Phase L1

1
: L e i | i L
| ACIDC Converter ——o_12v
|
i Current power suplly 1
i LA 100-P
. + |—+12V Gearmot tor
[ ™
g j| P I 1]enn po.o[ 17]
S
! [ M 2 |mio a0y ro.1[ 18]
Currem measunnm 10sp. . 3 |AI4(AI0) PO,Z
|
(1000058) | Current transducer % GND P03 Autotransformer
i Autotransformer control ATMU-S
i 5 A1 (AI14) and protection box - Phase L2 L
| L ity |
i 6| AIS (A1) 3 {
! LA 100-P (I 7 enp ‘
— 4 8 | A2 (AI2+)
[ iy S
O g
i N Gearmotor
‘ M + 1 10]enp
coperteacung | 105 A a3 ,
(10.000/54) | Current transducer AIT (A3 p173
‘ T GND FFIO Autotransformer
! Autotransformer control
: LA 100P A00 23 and protection box - Phase L3
| - oy [ 18]a01 +5v] 31] Swdo0 v, 504z 3|—————-|
o I - GND onp| 32]
i N -12v 2
s < FeEn
} C v USB Port NI USB 6004 I
Current measuringj 10 sp R2 . e o s s — —‘
transformer | Data acquisition module |  ——"FFE o Geamor
(10.000/5A) | Current transducer
|
i (o et
i | Virtual command and control panel
: | Display
|
! Data acquisition, processing and I |
|
i control system | |
l L USB Port Intranet
R —_ R——]
Comg

Fig. 9. Hardware component of the system.

The system hardware is built around a multifunctional
DAQ device (NI-USB-6008). It provides analogue
input/output capabilities, specifically 8 analogue inputs
(12 bit, 10 kS/s), 2 analogue outputs (150 Hz) and digital
inputs/outputs (12 DIO).

The instantaneous values of the three currents generated
by the source are acquired in differential mode (Diff).
Three voltages (from LEM-LAI0OP transducers)

proportional to the three currents are applied to the inputs
A0, All, and AI2.

The six on/off digital output signals (P0.0...P0.5) are
applied to the tap-changer control relays via optocouplers.

The PD 2512 dual source is used to power the LEM
current transducers and optocouplers. Since the effective
value of the primary current for the LEM current trans-
ducers is 100A, a few extra turns (n=10) are added.

B.  Software component of the system

LabVIEW 2015 is used to create the virtual instrument
that allows the user to communicate with the data
acquisition module, process data, and control the system.

The front panel of the virtual instrument is divided into
two sections [12]:

- the interface for setting the input parameters of the
DAQ and the port (lines) where the digital output signals
are located;

- the interface for controlling and monitoring the
automation of the current source.
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Fig. 10 shows the user interface of the program for
communicating with the DAQ module. The block diagram
of the hardware inputs/outputs of the USB-6008 module is
shown. In the center (INPUT) there are the numerical
controls (K1, K2, K3) for calibrating the measurement of
the RMS values of the currents 11, 12, 13. In addition, the
effective values of the currents are displayed both
analytically and numerically.

On the right side (OUTPUT) there are controls for set-
ting the digital output port PO and the lines 0...5. LED
indicators are used to signal the commands to in-
crease/decrease the currents on each phase (for example:
I1- decrease, 12+ 13+ increase).

The six lines of Port PO are configured as active drive
digital outputs, driving LEDs in optocouplers.

The main communication between the user and the sys-
tem is done through the interface shown in Fig. 11. The
display/signalling and control elements of the interface are
horizontally grouped into three identical channels, one for
each of the individual currents 11, 12 and I3. Each of these
elements acts independently of the others.

The vertical toggle switches select the source operating
mode (single phase, two phase or three phase). This is
indicated by the LEDs 11, 12 or 13 lighting up. If they are
off, the source will not generate power.

Next, the current value I (considered as the Process
Variable, PV) is displayed in engineering units (EGU) and
as a percentage (%) of the range.
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DAQ Assistant | Set and display the values of process parameters

Control and Automation of the Alternating Current Source: DAQ Assistant
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Fig. 10. The interface for configuring inputs/outputs and calibrating the source current measurement.

The current range (2-4-6-8 kA) is selected and dis- The current control error is set between the limits of (-
played. In addition, the LED indicating that the upper lim- 100, +100)% of the set point (SP) of the prescribed current
it has been exceeded is also displayed. by means of a vertical pointer slide. The current error

The specified current value is set using a horizontal value is displayed numerically, and any exceeding of the
pointer slide potentiometer and is displayed both in EGU  set limits is also displayed.
units and as a percentage of the range. A hysteresis is applied to the upper and lower limits of
The parameters of the PID controller are set: the  the current error to avoid continuous on/off switching of
proportional gain, the integral time and the derivative the output.

time. The result of the PID algorithm applied to the The on/off outputs that control the current
current control process is numerically displayed as a  increase/decrease are indicated by two LEDs located on
percentage (MV %). the right hand side of the front panel as shown in Fig. 11.
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Fig. 11. The interface for setting and controlling the source parameters.
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Fig. 12 shows a section of the block diagram where the
acquisition parameters are set. This is done using the
DAQ Assistant virtual instrument. The effective values
are calculated from the instantaneous currents 11, 12, and
13. The constants K1, K2 and K3 are used to calibrate the
measurement. Currents 11, 12, and I3 are process variables
(PV) and inputs to the PID controller.

Fig. 13 shows a section of the block diagram where the
output channels (digital output) are created to control the
increase/decrease of the current on phase 1 (Increase Cur-
rent [1+, Decrease Current I1-). A digital output channel
consists of a single line.

mumber of samples

DAQ Assistant2
data

L3

= i

yar:

T
| Source Current [1| Source CurrentI2 |

stath| : |
|or|e chann Digital Bool
1line 1Point
Tk s | P
Jone channel for each line YHDlglt.aI Oumut T Digital Bool
{ | 1Line 1Faint

int_12-

Increase Current_I1+

ecrease Current_T1-

Fig. 13. Detail of the DAQ implementation for digital outputs.

To implement the current regulator function, a virtual
instrument is used that implements a PID controller using
a PID algorithm [13], [14], [15]. [16].

To reduce the number of graphical connections in the
block diagram, we have combined three virtual
instruments into a single sub-VI: PID.vi, PID EGU to
Percentage.vi, and PID Percentage to EGU.vi. The last
two convert units of measurement based on the minimum
and maximum range settings in EGU (see Fig. 14).
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Fig. 14. The sub-VI for implementing the PID controller.

The graphical source code of the virtual instrument can
be found in the Block Diagram (BD). Fig. 15 shows a
detail of the block diagram with the functions of the pro-
posed system.

All graphical elements are included in a repetitive struc-
ture (While Loop) which executes them until the logical
conditions of True are met at the Loop Condition terminal.

The maximum current range of the source is selected
using a case structure with four options: 2-4-6-8 kA.

To implement hysteresis software for the upper and
lower error thresholds, the previous state of these values
must be stored. A While loop using a shift register allows
the previous output state to be stored for software imple-
mentation of hysteresis.
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Fig. 15. The block diagram with the functions of the proposed system.
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IV. MEASUREMENT, ACQUISITION, PROCESSING AND DATA
STORAGE SYSTEMS[10]

The structure of the measurement, acquisition,
processing and data storage system (Fig. 16) allows the
acquisition of 8 sets of electrical measurements, each set
represented by a three-phase current system and a three-

Current transformer Main busbar system

phase voltage system, and a maximum of 200 non-
electrical signals (temperatures measured on the unit
under test).

Currents are measured using current transformers as
follows:
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Fig. 16. Diagram of data measurement, acquisition, processing and storage systems.

- a set of three 10,000/5A ratio current transformers for
measuring currents through the busbars of the
switchboard(s) to be tested;

- seven sets of three measuring transformers with the
appropriate transformer ratio selected to measure the
currents through the busbars of the switchgear under test.

Electrical measurements are carried out using
specialised ENERDIS Triad 2 equipment, which has the
functions and facilities of an electrical energy analyser.
The KEITHLEY 3706 measurement system is designed to
acquire 200 temperature signals from T-type
thermocouple sensors.

All signals are processed and transmitted in digital
format via an RS 232/RS 485 serial interface to the
process computer running a dedicated software
application. The application allows real-time visualisation
of the value of the various quantities in the process,
graphical representation of their evolution over time, data
storage and, at the end of the tests, the preparation of
specific test bulletins for the certification of the DUTs

[11].

V. RESULTS AND CONCLUSIONS

The verification of the performance of the computerised
control system presented in this paper was carried out in a
specialised laboratory at ICMET Craiova, where tempera-
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ture rise tests on low and medium voltage switchgear are
routinely performed. The high current source in the labor-
atory is designed according to the schematic diagram in
Fig. 1, with autotransformers as control elements with fine
(quasi-continuous) regulation of the voltage.

The following table shows the current control perfor-
mance for the source equipped with the control, command
and regulation system based on virtual instrumentation
and numerical control algorithms.

TABLE L EXPERIMENTAL RESULTS
Measured current Error
Current [A (%]
No. setting Reference Digital Meas-
meas- Regulat-
[A] control . urement
urement ing error
system error
system
1 1000 1020 1015 2 -0.49
2 2000 1975 2005 -1.25 1.5
3 3000 3045 2995 1.5 -1.6
4 4000 4055 4005 1.375 -1.2
5 5000 5050 5035 1 -0.3
It is noted that the accuracy of detection and

measurement of the current generated by the installation
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was within the required accuracy class for all current
ranges.

The three-phase stabilised AC power source, designed
at ICMET Craiova in several versions since 1999, has
been installed and commissioned at various beneficiaries
in the country and abroad, as well as in the Institute's
specialised laboratory. Modern technical solutions for
automation and virtual control have been incorporated into
this version to make operation as simple as possible,
minimising human intervention. The proposed solution
brings a significant reduction in the cost of implementing
the high current source control, command and regulation
system, a reduction in its dimensions and physical weight,
automation of temperature rise tests, increased reliability
and safety in the operation of the assembly, remote control
of the process through specialised web applications, and
offers the possibility of further software development
through the integration of process monitoring and
computerisation applications.
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Abstract — In this work, some analytical formulas based on
experimental tests are presented that can be used to esti-
mate the heating of the crimped connections used in con-
struction of electrical machines, saving the experimenter
from additional, long and expensive tests. The formulas are
based on the energy balance equation and combine practical
results obtained from previous steady-state heating cycles
for a set of 6 crimped connections of the same type, at cur-
rents close to the nominal value. There are standards that
allow the estimation of the heating of the elements in the
circuit at small variations of the test current. Thus, based on
the heating obtained at one value of the current, the heating
at another, slightly different value can be estimated, without
the need for the actual experiment. For a more accurate
estimation, the variation with temperature of the electrical
resistances of the 6 connectors must be taken into account,
which allows the extension of the estimation range. In this
case, if there are two heating cycles performed at two differ-
ent values of the current, estimations can also be made at
other values, much different from the two. A global temper-
ature coefficient of resistance can be deduced that can sim-
plify the formulas while keeping the precision, serving to
estimate the average heating of the connectors. The formu-
las have been validated for several types of crimped connec-
tions used in the construction of electrical machines.

Cuvinte cheie: conexiuni sertizate, incalzire, coeficient de var-
iatie a resistentei cu temperatura, rezultate experimentale,
masini electrice.

Keywords: crimped connections, heating, temperature coeffi-
cient of resistance, experimental results, electrical machines.

I. INTRODUCTION

Electrical machines such as motors and generators
widely use crimp connections, which are permanent elec-
trical contacts on which the reliability of the machine
largely depends [1]. Crimping is a mechanical process
often carried out with the help of hydraulic presses and its
quality depends on a lot of factors, from the preparation of
the cables and the choice of connectors, to the pressing
itself.

Much research has been done over time to improve the
performances of crimped connections, developing verifi-
cation methods using ultrasonic inspection [2], [3] and
thermography [4], analyzing the behavior at thermal
shocks [5] or other factors that affect the contact re-
sistance [6], modeling electric conduction [7] or tempera-
ture investigation for different types of crimping [8] with
thermal modeling of heat transfer [9], [10]. For a quality
pre-control of crimp contact, two solutions were proposed
in [11] consisting in experimental determination of specif-
ic losses by calculating the initial rate of temperature or

28

checking reaching a critical temperature using on-level
thermal indicator. To reduce of contact resistance and in-
crease the reliability of crimped connections, useful solu-
tion was proposed in [12] by using two adjacent crimp
indents in opposite sides instead of one crimp indents. In a
recent work [13] is studied the influence of an improper
crimped connection execution on crimping validation,
analyzing the limits of variation of parameters so that it
will not be compromised.

International standards such as [14] and [15] establish
very clear methodologies for verifying the quality of
crimped connections from an electrical, thermal and me-
chanical point of view.

In [16], a study of the influence of experimental meas-
urements accuracy on coefficient o called “initial scatter”
which was performed, cumulating data from 6 crimped
connections of barrel of terminal lug type, with different
cross sections of cables and determining the quantities
with the greatest influence. The paper [17] extends the
researches on crimped connections of bimetallic through
connector type by analyzing two pairs of cross sections.
The obtained results can help the experimenter to pay
more attention to measuring more influential quantities.

In [20], some useful formulas based on experimental
determinations were presented that can be used to estimate
the average heating of a set of 6 crimped connections,
saving the experimenter from additional, long and expen-
sive tests. The formulas were validated for several types of
crimped connections used in the electrical machines.

In this paper, the results of two case studies used in [20]
are detailed, highlighting graphically the differences be-
tween the estimations of the individual heatings of the
connectors, obtained with the derived formulas.

II. ELECTRICAL TESTS OF CRIMPED CONNEXIONS

The standard [14] establishes formulas for determining
the connector resistance factor, initial scatter (3) and mean
scatter (B) for different types of crimping: through con-
nector, bimetallic through connector, branch connector,
barrel of terminal lug, palm of terminal lug etc. (Fig. 1).

The initial scatter coefficient (8) provides information
on the behavior of the crimped connection immediately
after installation before any aging effect begins. It is con-
sidered that 6 samples are sufficient to be tested to esti-
mate the identification of a “family” of connectors. If the
resistance factors for the type of connector tested are al-
most equal, it can be assumed that the same design and
assembly technology will lead to the same result on a
conductor of the same type. The mean scatter  has the
same meaning as 6 but takes into account the age of the
connectors, assuming long-term operation at high temper-
atures.
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Fig. 1. Barrel of terminal lug (a) and reference conductor (b) [14].
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Fig. 2. Typical test circuit for barrel of terminal lugs [14].

For the experimental determinations of & are used sets
of 6 samples and reference conductors of each type in-
volved in crimping. The measurements must make in di-
rect current.

The influence of temperature on the resistance factor of
the connector can be established after performing a large
number of successive heating cycles in alternating current,
by passing through the 6 samples in series (Fig. 2) with a
current close to the rating one. Since during the tests high
temperatures are reached both for the connectors and for
the reference conductor, the use of thermoelectric ther-
mometer is recommended for temperature measurement.

The standard provides for two preliminary heating cy-
cles. The first cycle aims to determine the reference con-
ductor temperature (6g) which will be used for subsequent
heating cycles. The injected current into the test loop must
be adjusted to ensure the condition 120°C < 6y < 140°C at
equilibrium, defined as the time when the reference con-
ductor and connectors do not vary in temperature by more
than +2 K for 15 min.

The second heating cycle aims to determine the dura-
tion of a heating cycle by injecting a current into the test
loop until the temperature of the reference conductor
reaches the value Oy for the duration # and then cooling
the connectors and the reference conductor to a tempera-
ture 6y < 35°C on duration #,. The total period ¢ + #, con-
stitutes the duration of a heating cycle.

A number of 1000 heating cycles is recommended [14],
and after the first 250 cycles, every 75 cycles the maxi-
mum temperatures 0,,,, of the connectors and the tempera-
ture O, of the reference conductor are recorded and then
the value of the mean scatter coefficient (B) is calculated.
Comparing the temperatures 60,,,x of the connectors with
the simultaneously recorded temperature on the reference
conductor 0,.¢ (Which has a stable resistance) gives a rough
idea of the “hot resistance” of each individual connector.
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Being a long and expensive test, the heating test can be
reduced to a single heating cycle, at current values that do
not exceed the rating value, i.e. a current density of maxi-
mum 7 A/mm’, following only the maximum tempera-
tures On.x reached of each connector, at equilibrium. Of
course, in this case, the effect of the thermal stress on the
crimped connections can only be ascertained in operation.

In the case of performing a single heating cycle, the
manufacturer may request results regarding the maximum
heating of the connectors obtained for several levels of
current density, between 2 + 7 A/mm’. Based on the per-
formed tests, empirical formulas can be derived for deter-
mining the heating of the same connectors at other current
density values, thus saving the experimenter from addi-
tional tests, reducing both the cost and the duration of the
tests.

The paper [20] presents useful empirically determined
formulas on the basis of which the heating of the connect-
ors can be estimated at theoretical values of the current
density, different from those actually used. The formulas
are experimentally validated.

The calculation is based on the equation of the energy
balance in the unit of time at thermal equilibrium, which
equates the Joule-Lentz losses with the heat flow transmit-
ted to the surrounding environment by thermal convec-
tion:

R-I’=a-A0-S, =a-(0,,,—0,,) S, (1)
where / = RMS value of the current, R; = electrical re-
sistance of the i ™ connector, i = 1 ~ 6, modeled as a con-
ductor of cross-section S, length L and lateral surface Si,
which reaches the steady-state temperature Op.;, with
global heat transfer coefficient a, at the ambient tempera-
ture Oymp.

Writing the above equation for two slightly different
values of the current /; and I, neglecting the temperature
variation of the resistance and of the global heat transfer
coefficient, we obtain:

maxi

Ri'llz:a'Aeli'SL:a'(elmaxi_eambl)'SL (2)
R 13 =0 A0y S =00 (000 = Oy) - St
2
i — Aeli — elma\xi _eambl (3)
12 AeZi 92maxi _eame
I3 - A0,
AB,, =—2——t “
[l

Therefore, having performed a heating test at current /;
and O,mp1, for which the maximum temperature 01,,,; was
obtained for connector i, respectively, the heating A6y,
applying formula (4) it is possible to estimate the heating
A0O,;, which would be obtained at current /,, not much dif-
ferent from I;, for the same connector, in other ambient
conditions 6, The approximation is valid within the
limits of £5% variations of the current [18].

A global evaluation of the 6 connectors in the test loop
should use information about all connectors, therefore
instead of the heating of connector i at the current [
(AB),), an average of the heatings of all connectors
(ABmean) at the same current /; can be considered [20]:
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1 6
lmean :g Z( Imaxi ambl) (5)
i=1
122 : Ael mean
from where: AB, o = R — (6)
1

represents the average heating that would be obtained at
current /; and 0,.,,.

In the case of larger differences between the values of
the currents /; and I, the variation of the electrical re-
sistance R; (or resistivity p;) of the connector with tem-
perature must also be taken into account by the coeffi-
cients og; [20]:

R _plL —pcu20.[1+G'Ri.(9maxi_2ooc):|.l'
i S S
Writing the energy balance equation for /; and I, and

neglecting only the temperature variation of the global
heat transfer coefficient, we obtain:

()

Ry If =0-A0, -8, = - (0}, = 0,1) - St ®)
Ry I3 =020y, - S, =00 (0, = On) - S1
l+a’Ri i (elmaxi _2O°C) . i ’ _ elmaxi _eambl (9)
1+G’Ri '(OZmaxi _ZOOC) 12 eZmaxi _eame
A0, = 13 -A0, [1+ 0, (0, —20°C)] (10)

Tl o (0,0 —20°C) |- 12 -0 - AB,

Imaxi

Therefore, the heating A8,; also depends on the coeffi-
cient og, The standard [14] indicates the value oy
0.004-K™" for copper and aluminum conductors. In gen-
eral, an electrical contact can have a value reduced by
even a third of the coefficient ag compared to the conduc-
tors that contributed to the formation of the contact [19].
From relation (10) it can be deduced:

122 'Aeli _]12 'Aezz‘
~20°C)- A0, —12 (0

)

Qg =

JEC ~20°0)- A9,

Imaxi 2maxi

Based on the formulas (10) and (11), having carried out
two heating tests at currents /; and 7, for which the maxi-
mum temperatures 0qm.y;, respectively, 0. were ob-
tained, i = 1+6, in ambient conditions 0,;, respectively,
Oamb2> the heatings AB;; which would be obtained at current
L, different from 7, and I, in ambient conditions 0,3, can
be estimated:

I3 -A8,, -[1+ 0y, " Oy =20°C)]

A, =
T |l 0y - (0 —20°C) = 12 -0ty - A,

(12)

Imaxi

The average heating of the 6 connectors at current /3
and 0,3 results:
6
280 (13)

3 mean

oxl~
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A global temperature coefficient of resistance oy for the
6 connectors in the test loop can be obtained by replacing
all individual quantities in relation (11) with their averages
[20]:

1 6
2mcan =g Z 2maxi ame (14)
i=1
1 6
lmaxmean :g zelmaxi (15)
i=1
o, = IZZ'Aelmean_Ilz'AGZmean (16)
¢ ]12 : (elmaxmean - 200 C) : AeZ mean
- 122 : (OZmax mean 200 C) : Aelmean

The global coefficient ar can be used in (12), replacing
individual coefficients og;, to estimate the heatings A0;;
[20]:

13- A0, -1+ 0t (8 = 20°C)]

AQ, = — - -
121+ 0 (0, —20°C) |- 17 -y - AB,,

3i

(17)

Imaxi

The average heating of the 6 connectors at current /5
and 0,3 results [20]:

™-

Ae; mean Ae,31 ( 1 8)

O\I»—‘

i

Relations (4), (6), (11), (12), (13), (16), (17) and (18)
save the experimenter from an additional test at the /5 val-
ue of the current, saving time and energy.

III. CASE STUDIES

In the following, two case studies are presented in
which barrel of terminal lug type crimped connections of
different sections are subjected to a single heating cycle.
In each test, the use of the proposed formulas is attempted
and useful conclusions are drawn.

A. Casel

We consider the case of barrel of terminal lug type
crlmped connections of 185 mm?® section for which the
maximum temperatures of the connectors are requested
during steady- state heating tests with current densities of
2, 3 and 4 A/mm’, corresponding to the currents /; = 370
A I, =555 A and 13 740 A. After carrying out the tests,
overtemperatures (A8; = 0. — 0amp) Were obtained at
thermal equilibrium for ambient temperatures 0,,,1 =
27.2°C, Oy = 27.2°C, respectively, O,z = 28°C, and
they are noted in Table I.

In the second test, a current of 560 A was used, which
corresponds to a current density of 3.027 A/mm’. For a
correct reporting, it is necessary to estimate the values at
555 A using formulas (4) and (6), since the difference
between the test currents is not too big (variation 0.89%).
The estimation results are presented in Table II. In Table
IIT and Table IV are presented the estimations with formu-
las (12), (13), respectively, (17), (18) with a better preci-
sion.

In Fig. 3 are shown the overtemperatures measured in
the real tests, the estimations with (4), highlighted to the
value 555 A and the range of applicability allowed by the
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TABLE I.
OVERTEMPERATURES MEASURED IN REAL TESTS
FOR 370 A, 560 A, 740 A [20]

Current A0, [K] AbBpean [K]
[A] 1 2 3 4 5 6
370 159 | 165 | 16.0 | 16.7 | 16.0 | 16.1 16.20
560 38.5 | 38.1 | 37.7 | 37.6 | 37.1 | 38.7 37.95
740 66.3 | 67.5 | 666 | 67.9 | 664 | 694 67.35
TABLE II.

OVERTEMPERATURES ESTIMATED WITH (4), (6) FOR 555 A
BASED ON RESULTS FOR 560 A [20]

LIA]/ A0, [K] ABimean [K]
based on 4 (6)
1, [A] 1 2 3 4 5 6
555/560 | 37.8 | 37.4 | 37.0 | 369 | 36.4 | 38.0 37.275
TABLE III.

OVERTEMPERATURES ESTIMATED WITH (11), (12), (13), FOR 555 A AND
560 A BASED ON RESULTS FOR 370 A AND 740 A

L[A]/ AB; K] ABrean [K]
based on (11), (12) (13)
I,L[A] | 1 2 3 4 5 6

>33/ 364 | 37.5 | 36.6 | 37.8 | 36.5 | 373 37.022

370, 740 ) ) ) ) ) ) )

560/ 37.1 | 382 | 37.3 | 385 | 372 | 38.0 37.711
370, 740 ) ) ) ) ) ) )
TABLE IV.

OVERTEMPERATURES ESTIMATED WITH (16), (17), (18) FOR 555 A AND
560 A BASED ON RESULTS FOR 370 A AND 740 A

L[A]/ AB; K] ABrean [K]
based on (16), (17) (18)
I,LIA] | 1 2 3 4 5 6

355/ 36.5 | 37.1 | 36.6 | 37.3 | 36.5 | 38.1 37.025

370, 740 ) ) ) ) ) ) )

560/ 37.1 | 37.8 | 37.3 | 38.0 | 37.2 | 38.8 37.714
370, 740 ) ) ) ) ) ) )
TABLE V.

ESTIMATION ERRORS OF (12), (13), (17), (18) COMPARED TO THE
VALUES MEASURED IN REAL TEST FOR 560 A

Formulas Errors ¢g; [%] Emean [%0]
(13), (18)
1 2 3 4 5 6
(12) -3.74 | 0.15 | -1.15 | 2.45 | 0.33 | -1.70 -0.63
(17) -3.54 | -0.8 | -1.05| 1.11 | 0.25 | 0.35 -0.62

—
L

< |7
-

/

L &0

40

Overtemperature A8; (K)

— 20

o
o
0
2 0 current I(4)

Test

Fig. 3. Overtemperatures measured in real tests (black), estimated
with (4) (red), highlighted to the value 555 A and the range of applicabil-
ity (rainbow), for the case I.
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standard [18]. In Fig. 4 and Fig. 5 are shown the estima-
tions with (11), (12), respectively, (17), (18) highlighted to
the same value and the range of applicability, visibly ex-
tended compared to the previous one.

Since three real heating tests were performed, the re-
sults of the second test can be used to validate the estima-
tions using the purposed formulas. Thus, in Table V are
done the errors € of (12), (13), respectively, (17), (18)
compared to the values measured in the real heating test
for 560 A:

AB,, —AB,,
o = 35607 1 00%

Al 3i| 560A

(19)

AB,,...—AO

3mean 3mean|

AO

g = S0A 100%

mean

(20)

560A

3mean|

- 20

— &0

L 40

Overtemperature A8; (K)

20

Sample i i) . I(A)
Test CULTEN
Fig. 4. Overtemperatures measured in real tests (black), estimated with

(11) and (12) (green) and highlighted to the value 555 A and the range
of applicability (rainbow), for the case 1.

Overtemperature AB; (K)

" I(A)

400
curr ent
Test

Fig. 5. Overtemperatures measured in real tests (black), estimated with
(16) and (17) (blue) and highlighted to the value 555 A and the range of
applicability (rainbow), for the case 1.
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The data show a good agreement with the real experi-
ment, with average errors of —0.63% for (13) and —0.62 %
for (18). Also, it can be observed that the two formulas
offer results close to each other. In Fig. 6 and Fig. 7 are
highlighted the estimations with (11), (12), respectively,
(17), (18) to the S60A.

The global temperature coefficient of res1stance deter-
mined with (16) is ar = 0.0007711639 K. There i isa de-
crease of 80.72% compared to the value of 0.004 K™ [14].

In Fig. 8 are plotted the mean overtemperatures defined
by relations (6) and (18) [20]. The points corresponding to
the three real tests are also placed on the graph. The esti-
mation of 37.714 K obtained with (18) at 560 A differs by
0.62% from the average real value 37.950 K. It is ob-
served that the accuracy is quite good, although the cur-
rent variations from 370 A to 560 A, or from 740 A to 560
A are 51.35%, respectively, —24.32%, i.e. much higher
than £5% [18]. At 555 A, an average heating of 37.275 K
is estimated with (6) and of 37.025 K with (18), with an
error between them of 0.67%. Obviously, the value ob-
tained with (18) is much more precise.

B. Casell

We consider the case of barrel of terminal lug type
crlmped connections of 245 mm?” section for which the
maximum temperatures of the connectors are requested
during steady-state heating tests with current densities of
4 and 5 A/mm?, corresponding to the currents 7, = 980 A
and 7, = 1225 A. After carrying out the tests, overtempera-
tures were obtained at thermal equilibrium for ambient
temperature 0,y 19°C and they are noted in
Table VI

In the two tests, currents of 1005 A and 1140 A were
used, Wthh corresponds to current densities of 4.103
A/mm’® and 4.654 A/mm?. For a correct reporting, it is
necessary to estimate the values at 980 A and 1125 A.

As the variations of the currents from 1005 A to 980 A
(-2.49%), respectively from 1140 A to 1125 A (1.32%)
fall within the limits of 5% [18], we can use formulas (4)
and (6) and the estimation results are presented in Tables
VII. For a greater precision, the use of formulas (12), (13)
or (17), (18) led to the results shown in Tables VIII-IX.

In Fig. 9 are shown the overtemperatures measured in
the real tests, the estimations with (4), highlighted to the
value 980 A and 1125 A and the ranges of applicability
allowed by the standard [18]. In Fig. 10 and Fig. 11 are
shown the estimations with (11), (12), respectively, (17),
(18) highlighted to the same values and the range of ap-
plicability, visibly extended compared to the previous
ones, like in case I.

The global temperature coefficient of re51stance deter-
mined with (16) is ag = 0.0031139147 K. There i is a de-
crease of 22.15% compared to the value of 0.004 K™ [14].

In Fig. 12 are plotted the mean overtemperatures de-
fined by relations (6) and (18) [20]. The points corre-
sponding to the two real tests are also drawn.

At 980 A, an average heating of 71.742 K is estimated
with (6) and of 70.922 K with (18), with an error between
them of 1.06%.

At 1125 A, an average heating of 101.394 K is estimat-
ed with (6) and of 100.540 K with (18), with an error be-
tween them of 0.85%. As before, the values obtained with
(16) are much more precise.

= eame =

— 20

— &0

L 40

Overtemperature AB; (K)

20

Sample i 700 I(A)
Test current

Fig. 6. Overtemperatures measured in real tests (black), estimated with
(11) and (12) (green) and highlighted to the value 560 A and the range
of applicability (rainbow), for the case 1.
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Overtemperature Af; (K)

- 20
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Sample i I(A)

i) t
Test curren

Fig. 7. Overtemperatures measured in real tests (black), estimated with
(16) and (17) (blue and highlighted to the value 560 A and the range of
applicability (rainbow), for the case 1.

Mean overtemperature, Afyeqn (K)

300 400 500 600 700 800
Test curent, 7 (A)

Fig. 8. Mean overtemperatures measured in real tests (black), estimated
with (6) (red) and (18) (blue) [20].
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TABLE VI
OVERTEMPERATURES MEASURED IN REAL TESTS
FOR 1005 A, 1140 A [20]

Current A0, [K] ABean [K]
[A] 1 2 3 4 3 6
1005 75.6 | 76.1 | 75.2 | 76.1 | 749 | 74.8 75.450
1140 103.4 [ 104.1 | 104.2 | 104.9 | 103.8 | 104.3 | 104.117

TABLE VII.
OVERTEMPERATURES ESTIMATED WITH (4), (6).FOR 980 A AND 1125 A
BASED ON RESULTS FOR 1005 A, RESPECTIVELY, 1140 A [20]

L[A]/ AG;[K] ABean [K]
based on “4) (6)

1 [A] 1 2 3 4 5 6
980/1005| 71.9 | 724 | 71.5 | 724 | 71.2 | 71.1 71.742
1125/1140{ 100.7 | 101.4 | 101.5 [ 102.2 [ 101.1 | 101.6 | 101.394

TABLE VIII.
OVERTEMPERATURES ESTIMATED WITH (11), (12), (13), FOR 980 A AND
1125 A BASED ON RESULTS FOR 1005 A AND 1140 A

L[A]/ AB;[K] ABrean [K]
based on (11), (12) (13)
1, L [A] 1 2 3 4 5 6

980/ 712 | 71.6 | 70.6 | 71.6 | 70.4 | 70.2 70.9
1005, 1140 " ) ) ) ) ) )
1125/
1005, 1140 100.0 | 100.6 | 100.6 | 101.3 | 100.2 | 100.6 | 100.5

TABLE IX.
OVERTEMPERATURES ESTIMATED WITH (16), (17), (18) FOR 980 A AND
1125 A BASED ON RESULTS FOR 1005 A AND 1140 A [20]

L[A]/ A0; [K] ABpean [K]
based on (16),(17) (18)
I,L[A] [ 1 2 3 4 5 6

980/ 711 | 71.5 | 70.7 | 71.5 | 70.4 | 70.3 | 70.922
1005, 1140 ) ) ) ) ) ) )

1125/

1005, 1140 99.9 |100.5|100.6 | 101.3 | 100.2 | 100.7 | 100.540

120

— 100

Overtemperature A9; (K)

Sample { I(A)
Test current

Fig. 9. Overtemperatures measured in real tests (black), estimated with
(4) around the values 1005 A (red) and 1140 A (magenta) and high-
lighted to the value 980 A, respectively, 1125 A and the ranges of
applicability (rainbow), for the case II.
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Fig. 10. Overtemperatures measured in real tests (black), estimated with
(11) and (12) (green) and highlighted to the value 980 A, respectively,
1125 A and the range of applicability (rainbow), for the case II.
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Fig. 11. Overtemperatures measured in real tests (black), estimated with
(16) and (17) (blue) and highlighted to the value 980 A, respectively,
1125 A and the range of applicability (rainbow), for the case II.
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Fig. 12. Mean overtemperatures measured in real tests (black), estimat-
ed with (6) around the values 1005 A (red) and 1140 A (magenta) and
highlighted to the value 980 A, respectively, 1125 A, estimated with
(18) (blue) and highlighted to the same values, for the case II [20].
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IV. CONCLUSIONS

The paper draws attention to some useful formulas for
estimating the heating of crimped connections based on
the experimental results obtained from previous tests.
Some of the formulas can be applied to small variations of
the test current (£5%), allowing estimations at a certain
current if there are practical results for a close current.
Other formulas, which take into account the temperature
variation of the resistance of the connectors, allow the
extension of the estimation range (>5%), being able to
make estimations at very different currents, based on
known practical results for two different values of the cur-
rent. In this case, a global temperature coefficient of re-
sistance oy can be deduced that can be used to estimate the
average heating.

The formulas were tested with a fairly good precision
on concrete cases of crimped connections used in the con-
struction of electric machines. Values of the coefficients
or lower values than those of the component conductors
were determined, which is in accordance with the theory
of electrical contacts.

The use of the proposed formulas can save the experi-
menter from additional tests, leading to a saving of energy
and time.
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Abstract - To create high-performance equipment, low-
performance components, such as those from the old gener-
ations, can also be used. For example, if a conditioning stage
(amplification/attenuation or filtering) is made with high-
end components having increased performance, the costs
are appropriate — using “classical” functional ones, the price
of the equipment will become competitive. Low-cost devices
may have features that do not make them attractive for in-
clusion in high-performance equipment but certain errors’
analysis may lead to practical and useful results. A convert-
er circuit from PWM pulses to DC voltage was used. Exper-
imental determinations were made using several types of
operational amplifiers and errors analysis and correction
was carrying out.

Cuvinte cheie: componente electronice, analiza si corectia
erorilor, erori sistematice, microcontroler, calibrare, cdstig.

Keywords: electronic components, errors’ analysis and correc-
tion, systematic errors, microcontroller, calibration, gain.

I. INTRODUCTION

Measurement errors are often seen as the fault of the
human operator, by not respecting certain conditions for
carrying out the measurements. However, the error can
also be the result of systemic operational problems, con-
stantly affecting the measurement. The presentation of
these aspects leads to the prevention and/or correction of
errors.

Errors due to human operators include usage errors
(performing an operation incorrectly or the incorrect ver-
sion of the standard operating procedure) and measure-
ment errors (making a measurement error in a process).
The consequences of the presence of errors can be costly
or even dangerous, [1].

The existence of digital process measurement chains
can easily introduce various errors. Thus, errors can come
from the multiplexing part, from sampling and from the
analog-to-digital conversion, which can accumulate. The
use of a microcontroller implies the existence of a pro-
gram, and it can be easily modified and updated, correct-
ing possible implementation mistakes.

Measurement systems have many error components in-
volved in the measurement and even when known and
corrected, the uncertainty (with a lower estimate than the
initial one) affects the final measurement value, generating
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doubts about how well this result represents the measured
quantity. Improper measurement can seriously affect qual-
ity-oriented companies because of the risks involved in
making wrong decisions based on process control tools.
Consequently, the effect of measurement uncertainty on
the results must be carefully investigated, [2].

Systematic errors are easily observable and have a no-
ticeable monotony (they can be constant or proportional to
the measurement). Systematic errors are the first affecting
the accuracy of a measurement. Sources of systematic
errors result from observational error, imperfect instru-
ment calibration, and environmental interference [3].

Systematic errors are different from random errors and
they affect the aspect data which is reflected in obtaining
false conclusions and interpretations. Measurements will
deviate significantly from true values if systematic errors
are present. A false positive conclusion or a false negative
conclusion can be drawn about the relationship between
the studied variables, [4].

A systematic error results in measurements of the same
quantity differing in predictable ways. For each measure-
ment, the result has the same sign and possibly the same
amount compared to the true measurement. A systematic
error can also be called a bias because the data is skewed
in well-established ways that hide the true values. Offset
errors and scale factor (gain) errors are two examples of
quantifiable types of systematic errors.

Sources of bias can range from research materials to da-
ta collection procedures and analysis techniques. So they
can come from all aspects of the measurement procedure.

Systematic errors can be mitigated by using procedures
in the measurement process. For example, systematic er-
rors can be observed in analog-to-digital and digital-to-
analog conversions, but also in any other circuit where
there is interference with an offset voltage, [5], [6].

For the detection of systematic errors, the obtained re-
sults may be compared with a known value or a theoreti-
cal value. Statistical methods can be used to analyze the
data or the experimental setup can be changed to see if the
error persists. Calibration of an instrument is another
method of investigating systematic errors, which means
comparing what the instrument records with the actual
value of a known standard quantity. This procedure is
done periodically for the instrument used and is done with
a precise reference, [7], [8].
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II. METHODOLOGY

A.  Circuit design

The correction of systematic errors was analyzed for a
circuit that transforms PWM pulses into direct voltage.
The circuit has a mainly digital operation, using a micro-
controller (PIC 18F452 from Microchip) and auxiliary
circuits that use analog components such as operational
amplifier and bipolar transistor. The design uses both digi-
tal and analog components; therefore it is possible to deal
on both sides. Since we are talking about systematic er-
rors, this is done only once, at the initial stage of setting
up the device.

The structure of the considered device consists of a mi-
crocontroller and an output circuit, made around a low
pass filter (LPF). The LPF is also a buffer for the output
voltage, to isolate the output of the microcontroller and to
protect it from overvoltage, Fig. 1.

LPF

C.

PWM

>

uC

o

Vref

Voc

Fig. 1. The main components of the test equipment.

I used PWM, so that the method can also be used with
microcontrollers that only have digital outputs.

The wiring diagram, in addition to the PWM signal
generator microcontroller, consists of a 2nd-order low-
pass filter, an output buffer and a bipolar power supply. A
bipolar power supply was required because it is of interest
to obtain a linear output voltage excursion, as much as
possible (the transistor operates in the normal active re-
gion).

The entire device is powered from a 7V to 24V AC
supply and the stabilized DC voltages are +12V and -5V
to power the output buffer and +5V to power the micro-
controller. It is not possible to feed the circuit with direct
voltage, because it is not possible to obtain negative volt-
age. Additionally, a fuse and two diodes were provided
which were used to protect the output against short circuit
and overvoltage respectively, Fig. 2.

B.  Application

The software of the microcontroller was developed in
MPLAB IDE, using the specific assembly code, and was
considered to display the information on the LCD, to ob-
serve the increment/decrement of the numerical values.
The chosen resolution is 10 bits which corresponds to a
step of ~4.88 mV. The execution speed is not critical, so
any other microcontroller (or other brands) is suitable for
using in the experiment - the only mandatory requirement
is to have a PWM output mode.

A programming issue was displaying the decimal val-
ues corresponding to the 10-bits resolution of the digital-
analog converter (DAC). That is because the microcon-
troller has an 8-bit memory configuration and the 10-bits
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Fig. 2. The Complete schematics of proposed circuit.
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DAC values are stored in two different memory loca-
tions (8-bits + 2-bits) - handling these extra 2-bits requires
advanced programming skills. Other code sequences such
as timing, initializing the LCD display, displaying charac-
ters on the LCD, and sending the number to the output
port (via registers) were used, [9].

C. Experimental setup

Experimental determinations and all tests were per-
formed using PIC 18F452 microcontroller. It is a multi-
function microcontroller with PWM output and five I/O
ports. It can operate in two DAC modes: 8-bit and 10-bit.
In order to have the best resolution, the 10-bit option was
used.

For testing the circuit, three different types of manufac-
turers for the operational amplifier of the output buffer
were used, Table 1.

TABLE L
THE CONVERSION CHARACTERISTIC FOR DIFFERENT TYPES OF THE
OUTPUT BUFFER

No. Output voltage [V]
OP07 PAT741 UA741

0 0.0012 0.0011 0.0023
1 0.0061 0.0061 0.0072
10 0.0505 0.0505 0.0516
50 0.2479 0.2479 0.2490
250 1.2357 1.2358 1.2367
500 2.4728 24731 2.4738
750 3.7125 3.7129 3.7136
1000 4.9548 4.9553 4.9559
1023 5.0692 5.0698 5.0703

As presented, the following parameters are established
(initially):
- the step (4.88 mV),

- full-scale (depend by operational amplifier used (OP07 /
BA741 / UA741) : from 0.0012 / 0.0011 / 0.0023 V to
5.0692 /5.0698 / 5.0703 V),

- the percentage resolution (0.09669 / 0.09864 /
0.09669%) for this digital-to-analog converter.

The OP07 operational amplifier is a high-quality inte-
grated circuit (lower offset voltage than the 741 family of
circuits; 60 pV and 1 mV respectively).

The comparison of working frequencies is not relevant
because both operational amplifiers work at approximate-
ly 20 kHz, a frequency far below the limit (e.g. 0.6 MHz
for OP07).

The PWM module inside the PIC18 microcontroller us-
es a timer to control the signal frequency and duty cycle,
[10]. The period of the generated PWM signal is given by
(D.

PWM,erioa = (PR2+1)-4-TOSC
-TMR2

(1

prescale _value
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Where PR2 is the value loaded into the period register
and TOSC is the clock period of the peripheral clock.

To estimate duty cycle of signal must use register
CCPRIL and CCP1CON value.
CCPR1L

PWMDutycyce = CCP1CON < 5:4 >

2
Tosc - TMR2Prescale_Value
Where CCPRIL represents 8 bits MSB and CCP1CON
2 bits LSB (4 and 5). These registers can be programmed

to count up or down. The parameters for this project are
summarized as follows:

e PWM frequency= 19531.25 Hz
e TOSC=51.2us

e Timer used = Timer2

e TMR prescaler value= 124

To estimate the necessary correction, the error was
computed, Table II.

TABLE II. ERROR OF SOME SAMPLED DATA

No Error [%]
OP07 PAT741 UA741

0 0.02 0.02 0.05

1 0.02 0.02 0.04
10 0.02 0.02 0.04
50 0 0 0.02
250 -0.08 -0.08 -0.06
500 -0.13 -0.13 -0.11
750 -0.13 -0.13 -0.11
1000 | -0.09 -0.08 -0.07
1023 | -0.08 -0.07 -0.06

The used formula used is a typical one for D/A conver-
sion, [6], [7],

_Vm-Vi
T Vref

100 Q)

Where Vm is the measured output voltage, Vi is the ide-
al output voltage (computed with D/A conversion formu-
la) and Vref is the reference voltage, which in this case it
is 5.0733 V.

N 14

— 4)
Nref ~ Vref

The output characteristic and the error diagrams reveal
differences between experimental results, Fig. 3, Fig. 4.
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Fig. 3. The output characteristic with different operational amplifiers.
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Fig. 4. The output characteristic error.

After errors’ analysis and for performance improvement
using error correction, we chose the circuit having the
operational amplifier OP07 as output buffer, Table III.

The first step was the determination of the experimental
output error, (5). The error plot shows that we are dealing
with systematic offset errors and thus, they can be correct-
ed by displacement. For BA741 and UA741 IC, Table IV
and Table V present some computed correction.

The second step was to find the corresponding voltage
for the error correction, (6).

The third step was to calculate the difference between
the newest (preferred) voltage and the original voltage
(measured voltage). Therefore, we considered using a
constant voltage of approximately 0.003V in this case.

The meanings of the quantities are: € correction is the
necessary correction, in percent, based on minimum and
maximum error computed with (1); Vcorrection is the
expression of € correction in volts and V is the theoreti-
cal/ideal voltage of D/A converter, from (2). The number
5.0733 represents the reference voltage of the DAC

(emin — emax)
2

gcorrection = € — [%] ©)
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Vcorection = ecorrection - 5.0733/100 + V ©)

This voltage resulting from the difference between the
corrected and the measured value, 0.003V, is constant.
This value is used to shift the output characteristic to re-
duce the maximum error from the initial rate, Fig. 5.

TABLE III
SOME COMPUTED CORRECTION FOR OP07
OP07
Difference between
No. New error Corresponding the new output
(forced)[%] voltage [V] voltage and initial
output voltage [V]
0 0.08 0.0042 0.0030
1 0.08 0.0091 0.0030
10 0.08 0.0535 0.0030
50 0.06 0.2509 0.0030
250 -0.02 1.2387 0.0030
500 -0.08 2.4758 0.0030
750 -0.08 3.7155 0.0030
1000 -0.03 4.9578 0.0030
1023 -0.02 5.0722 0.0030
TABLE IV
SOME COMPUTED CORRECTION FOR BA 741
No Difference between
’ New error Corresponding the new output
(forced)[%] voltage [V] voltage and initial
output voltage [V]
0 0.0779 0.0040 0.0028
1 0.0787 0.0090 0.0029
10 0.0741 0.0534 0.0029
50 0.0550 0.2508 0.0029
250 -0.0228 1.2387 0.0030
500 -0.0723 2.4760 0.0032
750 -0.0725 3.7158 0.0033
1000 -0.0214 4.9582 0.0034
1023 -0.0128 5.0727 0.0035

Thus, the absolute maximum value is approximately
0.08%, from the initial value of 0.142%. Practically, the
characteristic will be "centered", symmetrical to the axis.

This additional voltage can be generated internally, by
software or externally, by applying a voltage to the opera-
tional amplifier that shifts the potential from the output.
This correction can be done before using the device, into
initial calibration phase.
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Fig. 5. New error after correction, OP07.
TABLE V
SOME COMPUTED CORRECTION FOR UA741
UA741
Difference between
No. New error Corresponding the new output
(forced)[%] voltage [V] voltage and initial
output voltage [V]
0 0.08321 0.0042 0.0030
1 0.08204 0.0091 0.0030
10 0.07744 0.0535 0.0030
50 0.05833 0.2509 0.0030
250 -0.02342 1.2386 0.0029
500 -0.07682 2.4757 0.0029
750 -0.07701 3.7155 0.0030
1000 -0.02792 4.9578 0.0030
1023 -0.02126 5.0722 0.0030

Program correction can be implemented if the digital-
to-analog conversion step is smaller than the required cor-
rection. In our case it is 0.003V compared to 0.0049V.

New error plot for A741 and UA741 was generated af-
ter correction, Fig. 6, Fig. 7.

From Table IV, in case of use A741 operational ampli-
fier, the difference between initial and new output voltage
is not a constant but also difference is very small. This is
because systematic errors it was not completely eliminat-
ed, having several causes.

Comparing initial errors, Fig. 4, with new errors, Fig. 5,
Fig. 6, Fig. 7, it is obviously the efficiency of method pro-
posed.

The error tends to be reduced by half, close to the error
of the measuring equipment.
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Fig. 7. New error after correction, UA741.

III. CONCLUSIONS

The presented method is useful when developing
equipment or a device with low quality components, with
reduced costs. After an initial analysis of the de-
vice/equipment performance, one chooses which method
(software or hardware) is better to reduce systematic er-
rors. For this, an imposed error is estimated, which is usu-
ally half of the original error. Then the voltage corre-
sponding to this error is determined and finally it is
checked if the differences, for the values of interest, are
the same or very close. Depending on the results, it is de-
cided whether the correction is made in the auxiliary elec-
tronic circuits of the microcontroller or internally, by
changing the number used for conversion. There is also
the possibility that the correction methods act on hardware
and software simultaneously.

The solution used is chosen after analyzing the opera-
tion of the scheme, because the performance of the com-
ponents used is important. If, for example, the compensa-
tion voltage exceeds the value of the converter, then the
correction can be done by software. If this offset is less
than the voltage step at the output, then the error correc-
tion can only be done by hardware.
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Obviously, there is also the possibility of combining the
two methods.

The experimental setup, Fig. 8, used in this case is a DC
voltage generator, synthesized by the PWM technique, but
one can imagine any other configurations, like signal gen-
erator or current source.

Fig. 8. Experimental setup.

A HP 34401A voltmeter with a measurement resolution
of 0.1 mV was used to measure the voltages, which is
adequate to validate the proposed method.

From the experimental data it is found the possibility of
completely eliminating the systematic errors, when using
the OP07 and UA741 integrated circuits. It's not the same
when using A741, because it seems to be supplementary
causes of systematic errors.

By using the microcontroller, additional functions can
be performed, such as communicating with a computer or
designing a more complex menu in the program through
which certain settings of the operation of the microcon-
troller can be configured, including an adjustment of the
offset of the generated output signal.

When testing the method one must take in consideration
to correlate the device tested performance (in terms of
errors) with the used measurement equipment.

To increase the degree of automation, a data acquisition
board with appropriate performance (e.g. resolu-
tion/number of bits) can be used to allow the reading of
the generated voltage, assistance from the automatic cal-
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culation and other possibilities (storage, filtering) of using
digital information.
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Abstract - With the emergence of new types of diseases and
viruses that can affect the human immune system, different
types of vaccines and treatments have been developed to
combat the new threats. Various technical methods have
been developed to monitor the health status of a patient
suffering from a certain ailment in order to certify the effi-
cacy of a given treatment scheme. A way to monitor the
health condition of a patient is proposed, based on the Ar-
duino platform. The prototype can transmit data collected
from a sensorial system and store them to a web server. The
system is designed to monitor human body temperature
with three temperature sensors placed on the head, body
and lower limbs to obtain the average body temperature; an
oximeter sensor for simultaneously monitoring the heart
rate and the blood oxygen level of a patient; and two sensors
for measuring indoor air quality, namely a gas sensor and a
temperature and humidity sensor. This last sensor deter-
mines if a given bacteria or virus can thrive in the environ-
ment. A specialized software program was used to create the
remote health monitoring prototype, which was subsequent-
ly manufactured using a 3D printer. The prototype is resili-
ent and efficient, being appropriate for long-term use.

Cuvinte cheie: monitorizarea starii de sanatate, comanda unui
sistem de senzori, solutie loT integratd.

Keywords: health status monitoring, sensorial system control,
integrated loT solution.

[. INTRODUCTION

The literature in the area of health status monitoring of-
fers a variety of solutions. Our capacity to solve problems,
interact with one another, and handle everyday issues has
undergone a paradigm shift as a result of new trending
technologies like powerful industrial microcontrollers,
Internet of Things (IoT), cloud computing, machine learn-
ing (ML), among others [1].

Temperature, breathing, and heartbeat (or pulse) are just
a few of the human vital indicators that a remote health
monitoring system can identify.

In [2] is suggested to use a mobile application-based
health monitoring system. The suggested technology gives
the patient's doctor and family members access to the pa-
tient's location and some current health parameters. With
the help of graph tools, mobile applications may monitor
their surroundings and connect to the internet via 3G or
4G wireless cellular networks.

A system that can collect patients' heart rates and body
temperatures and save data in the cloud is provided in [3].
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When compared to an electrocardiogram (EKG) equip-
ment, the system underwent testing and displayed a simi-
lar accuracy.

The field of telemedicine has also advanced quickly,
and the present research focus is on remote monitoring
and the detection and analysis of human health status indi-
cators [4].

II. HEALTH MONITORING SYSTEM COMPONENTS

An loT-based patient health monitoring system using
ESP8266 and Arduino is developed, able to process and
transmit data collected from a sensorial system to a remote
server. The system was designed with a dedicated pro-
gram for a 3D printer, and the prototype was then realized
to prove the usability of the proposed solution.

The proposed system is able to measure the heart
rate/pulse (BPM), as well as the blood oxygen level
(Sp02), using the MAX30100/102 pulse oximeter sensor.
Some DS18B20 temperature sensors are used to measure
the average body temperature. The temperature and hu-
midity inside a room are detected with a DHT11 Humidity
and Temperature sensor. The MQ-135 sensor is needed
for monitoring the noxious gas levels that can affect the
air quality inside a room.

The monitoring system is made of the components from
Fig. 1. The IoT platform used for the data storage and
analysis is ThingSpeak [6].

Arduino UNO is a development board based on the
ATmega328 microcontroller. The Arduino UNO has 14
digital input/output pins (of which 6 can be used as PWM
outputs), 6 analog inputs, a 16 MHz quartz oscillator, a
USB connection, a power jack, an ICSP jack [7].

Room
Gas sensor
temperature and module
humidity sensor
Head temperature
sensor
Body temperatur 5
o cranre 2 ICLCDModuls |—»|  LCD 20x4
sensor 3
d
Lower limbs j
temperature
sensor Heart rate and

blood oxygen level
sensor

NodeMCU

Fig. 1. The block diagram of the proposed health monitoring system.
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NodeMCU is an open source IoT platform used for
adding networking capabilities to Arduino UNO. At first it
included ESP8266 Wi-Fi SoC firmware from Espressif
Systems and hardware based on the ESP-12. Later, sup-
port for the ESP8266/ESP32 was added [8], [9]. The
NodeMCU development board is depicted in Fig. 2.

We use three DS18B20 temperature sensors to measure
the average temperature of the human body, collecting
data from the head, body and lower limbs.

Similarly, a patient needs to be kept in a room having a
certain temperature and humidity level. Hence, the patient
does not feel uncomfortable in the room. To do this we
also need to monitor the room temperature and humidity.
So we use the DHT11 Humidity and Temperature sensor.

The pulse sensor is an essential component of the sys-
tem, allowing the user's heart rate to be constantly moni-
tored [10]. The data obtained from this sensor provided
valuable information about the person's cardiovascular
health, as well as the level of physical activity and effort
exerted during exercise. Detection of heart rhythm abnor-
malities, such as tachycardia or bradycardia, could signal
serious health problems and the need for immediate medi-
cal intervention.

On the market are available many different types of
health monitoring systems, including those based on Ar-
duino and Zigbee technology for widespread health moni-
toring. The technology of the testing system should be
optimized nonetheless, as there are now more health test-
ing data available.

Systems that employ sensors, link gadgets, and the In-
ternet to achieve a better level of automation can be creat-
ed thanks to remote servers like ThingSpeak. IoT has the
ability to completely change patient management and
monitoring in the healthcare industry [5]. Silent monitor-
ing is essential in an intensive care unit, as even a small
delay in deciding how to treat a patient might result in
death or lifelong health issues.

Emergency warnings may be delivered to medical per-
sonnel and caregivers in the event of changes in a patient's
health, to enable timely intervention. This technique
makes it feasible to identify medical emergencies before
they become serious.

In Fig. 3 are gathered the main electronic components
of the proposed system, along with the required supply
voltage sources and the connections between them.

The Internet of Things (IoT) is a system of "connected
things". Things generally include an embedded operating
system and an ability to communicate with the Internet or
neighboring things. One of the key elements of a generic
IoT system that connects different "things" is an IoT ser-
vice. An interesting implication of the "things" that com-
prise IoT systems is that the things themselves cannot do
anything. At a minimum, it should have the ability to con-
nect to other "things".

The real power of [oT is harnessed when things connect
to a "service" either directly or through other "things". In
such systems, the service plays the role of an invisible
manager, providing capabilities ranging from simple data
collection and monitoring to complex data analysis.

ThingSpeak IoT software allows users to create new
and private channels to collect analyzed data. Analysts can
read data from public channels and then transfer them to
custom channels [6]. The platform allows users to write
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Fig. 2. Top view of NodeMCU [9]
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Fig. 3. Simplified electronic diagram of the proposed circuit.

data to their ThingSpeak channels in various formats
such as REST API, MATLAB, MQTT or with third-party
applications. These protocols allow experts to share te-
lemetry information.

Meteorologists can read temperature and humidity data
from various weather channels and view the results on
their private channels. Using MATLAB, they visualize
trends, plot histograms, calculate dew points from raw
data, and forecast changes in weather patterns.

ThingSpeak IoT helps users share analyzed data with
public channels. The settings panel allows users to view
more options on their channels. The tab shows sharing
options that will allow the user to set their channel as pri-
vate, public (everyone can see it), or shared with specific
users. Professionals can also import or export data on their
channels.

The DS18B20 from Fig. 4, a waterproof digital temper-
ature sensor, is a reliable temperature sensor that provides
an adjustable 9 to 12-bit thermometer using a 1-wire inter-
face [11].

<=

Vee

Ground =

DS18B20 Pinout

Fig. 4. The prototype of the DS18B20 sensor used for measuring the
average body temperature [11].
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Data is sent to/from the DS18B20 via a 1-wire inter-
face, so only one wire (ground) needs to be connected
from a central microprocessor to the DS18B20. It provides
power for reading, writing and temperature conversions.
The values can be derived from the data bus itself, without
the need for an external power supply.

Because each DS18B20 contains a unique serial num-
ber on silicon, multiple DS18B20s can exist on the same
1-wire bus [12]. This allows temperature sensors to be
placed in various places.

The MQ-135 air quality sensor from Fig. 5 is used to
measure the air quality inside the room where the patient
is placed [13]. Gas levels may be transmitted to an LCD
screen or to a ThingSpeak channel, on which various
warning messages may be displayed.

The air quality is constantly monitored with the devel-
oped system, so that the amount of toxic gas, smoke or
alcohol cannot become dangerous for the patient. In case
the gas level is exceeded, an alarm is triggered.

A thermistor is a sensitive thermal resistor that uses re-
sistance values to determine temperature. It is comprised
of a semiconductor, and when subjected to temperature
changes, its physical resistance changes.

The DHT11 sensor from Fig. 6 is used for measuring
ambient temperature and humidity, factors that decide
whether the environment is conducive to certain bacteria
or viruses [14].

The MAX30100 pulse sensor from Fig. 7 is a combined
heart rate and blood oxygen sensor [16]. The sensor is
meant to monitor blood oxygen levels and the pulse using
photoplethysmography, a non-invasive technique.

The sensor is an integrated photodetector and LED
emitter. Infrared (IR) and red light are emitted by the LED
emitter, and the photodetector gauges how much light is
reflected off the user's skin. For the purpose of detecting
variations in blood vessel volume during the pulse, photo-
plethysmography is used. The sensor detects fluctuations
in the absorption of infrared and red light as the pulsing
blood moves through the arteries.

An oled display is used to display information about
heart rate [bpm] and the oxygen saturation [SpO2] col-
lected from the oximeter, as in Fig. 8.

Fig. 6. DHT11 sensor module [15].
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Fig. 8. The OLED Display used to monitor the pulse sensor [18].

III. DESIGN OF THE HEALTH MONITORING SYSTEM

The proposed system is based on two Arduino boards
and a NodeMCU, and has four different components that
act as a whole for the health monitoring.

Each subsystem was previously developed and tested
with Fritzing, an open-source hardware package that
makes electronics available to anybody as a creative envi-
ronment [19].

After developing and testing each subsystem, they were
added together as parts of the health monitoring system.

A. Body Temperature Sensor Subsystem

In Figure 8 is depicted the 2D schematic of the body
temperature sensor, consisting of:

- the Arduino UNO development board,

- 16x2 LCD display. An I2C was used to save pins. By
using it, only two pins to power the display were used, and
opened up the possibility to connect other sensors to the
display. To use I12C, it was necessary to use the related
library in the code;

- the DS18B20 sensor, to which a 4.7kQ resistor was
connected. This resistor was used to enable the sensor's
internal pull-up resistor to ensure proper communication
between the sensor and the microcontroller.

The body temperature sensor is an important compo-
nent of the monitoring system. It allows the detection and
monitoring of fever, a significant indicator of infections
and other conditions.

By monitoring the body temperature in real time, the
system can provide early alerts if the temperature rises
above the normal limit, signaling possible respiratory in-
fections or systemic diseases. Thus, it can contribute to
prompt intervention and initiation of appropriate treat-
ment.

A pull-up resistor is a resistor connected between a sig-
nal line and a positive voltage source (VCC) for the pur-
pose of providing a logic high (HIGH) level on that line in
the absence of an active command.
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B.  Ambient temperature sensor subsystem

The subsystem used for monitoring the ambient tem-
perature and humidity, based on a DHT22 sensor, is de-
picted in Fig. 9. As with the subsystem used to determine
the body temperature, in addition to the sensor itself, a
switch powered from digital pin number 8 of the Arduino
UNO board was added, aiming to reduce the waiting time
for the sensors to display on the LCD, making it more
practical to select any sensor and use it as long as needed.

The ambient temperature and humidity sensor brings an
extra dimension to the health monitoring. It was designed
to measure the level of humidity and air pollution in the
environment. Air quality and humidity levels can affect a
person's respiratory health and overall well-being. By de-
tecting and monitoring high levels of humidity or the
presence of air pollutants, the system can provide warn-
ings or recommendations related to improving air quality
and preventing respiratory ailments.

C. Gas sensor subsystem

The subsystem of the gas sensor MQ-135 from Fig. 10
was designed to display the gas level on the LCD. An
LED was also added to digital pin number 5 of the Ar-
duino UNO board. Pin 5 was defined as an output pin, to
which a 1 kQ resistor was added, in order to limit the cur-
rent that passes through the led and to protect it against
any overvoltage.

Body temperature sensor

i I

Switch

LCD Display

—

L
4.7 kQ Resistor

Arduino UNO

Fig. 9. Diagram of the body temperature sensor subsystem.

12C

Switch

LCD Display

Ambient Temperature Sensor

/ 4.7 10 Resistor

Arduino UNO

Fig. 10. Diagram of the ambient temperature sensor subsystem.

12C

Switch

!_ LED
| LCD Display

~— 1k Resistor

4.7 £ Resistor

Arduino Uno / |

Gas sensor

Fig. 11. Diagram of the gas sensor subsystem.

The use of the gas sensor is an important measure to
prevent and manage the increased levels of polluting gases
in the air. This sensor can detect the gas level in the room
and issue warnings or alerts if the detected value is above
the permissible limit. This aspect is of particular im-
portance in preventing accidents caused by gas leaks, as
well as in promoting a responsible and healthy approach
to the quality of the air breathed by the patient.

D. Pulse monitoring subsystem

The pulse monitoring sensor subsystem from Fig. 11
differs from the other subsystems, as it could not be im-
plemented on the same Arduino Uno board. With a second
board available, a separate circuit was implemented, due
to the limited memory capacity of the first board, which
started to create interference between the pulse sensor,
ambient temperature sensor and the LCD display.

The new Arduino board offers enough space to imple-
ment an OLED display that would display the desired
information separately from the other sensors, as in Fig.
12 An OLED display was chosen due to its additional
functions, such as creating an animation. The second Ar-
duino board is powered from the first board with a 5V
voltage.

E. The Whole Health Monitoring System

The main components of the whole health monitoring
system are depicted in Fig. 13. These are a pulse monitor-
ing sensor (MAX30100), three body temperature sensors

OLED 0.96"
MAX30100

Arduino UNO

Fig. 12. Diagram of the pulse monitoring subsystem.
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Fig. 13. Main components of the health monitoring system.

(DS18B20), an ambient temperature and humidity sensor
(DHT?22), a gas detection sensor (MQ-135), two Arduino
UNO development boards, one LCD display (16x2), one
12C circuit, one OLED display, one Switch, some LEDs
and some 4.7kQ and 1k resistors.

IV. DEVELOPMENT OF THE PANEL AND PREPARATION FOR
3D PRINTING

The designed health monitoring system was further de-
veloped, in order to integrate all the components in a pro-
totype, with the aid of a 3D printer.

At first, a sketch with the panel size of 200x200mm
was created. Then the mounting holes with a diameter of
Smm and the holes for the temperature sensors and the
MQ-135 sensor, as in Fig. 14, were added.

The extrude function was used to raise the wall by
3mm. The sketch was designed using the Fusion 360
software package, as in Fig. 15.

In Fig.16.a) is depicted the final design, while Fig.16.b)
depicts the sketch imported by the 3D printer software
package.
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Fig. 14. 2D view of the panel in Fusion 360.
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Fig. 16. The final 3D design of the sketch with Fusion 360 — (a) and
The design imported by the 3D printer software — (b).

After compiling the data for a print with a layer thick-
ness of 0.2mm, we get a print time of 6 hours and 41
minutes and a print material consumption of 132.58
grams.

V. THE EXPERIMENTAL SETUP AND THE RESULTS
COLLECTED FROM THE THINGSPEAK IOT PLATFORM

The system developed according to the Fritzing design
was successfully implemented, and an overview of the
laboratory prototype is depicted in Fig. 17.

The sensor readings were correct, so the next step was
to build the health monitoring system from Fig. 17, as a
compact solution that may be used under real world condi-
tions.

The system was built by adding together the 3D printed
mechanical components with the electric and electronic
parts. In this manner, a robust and compact system was
obtained, suitable for long-term use.

Data provided by the developed health monitoring sys-
tem can be stored and displayed on a personal computer,
using the Arduino IDE and an LCD, or remotely, via a
ThingSpeak channel, provided by the MATLAB server.
P— : :

Fig. 17. Overview of the implemented health monitoring system.
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In Fig. 18 may be noticed the variation of the room
temperature over time, resulted from the data collected by
a ThingSpeak channel.

Fig. 19 depicts the variation of the average body tem-
perature, based on data collected from the three sensors.

One or more persons can permanently examine the data
gathered from the three temperature sensors on the Thing-
Speak channel to keep an eye on the patient's condition.

Fig. 18. The experimental IoT system built for health monitoring.
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Fig. 19. Time variation of the room temperature [6].
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Fig. 20. The average human body temperature.

In case a threshold value imposed for one of the sensors
is exceeded, an alarm may be triggered.

CONCLUSIONS

Such a system has several benefits. Real-time monitor-
ing of the body temperature, pulse and oxygen level, on
one hand, and room temperature, humidity and air quality,
on the other hand, allows for the prompt identification of
any changes or abnormalities that may indicate health
issues requiring immediate attention.

By using the personalized notifications and advice pro-
vided by the system, users can take the necessary steps to
maintain their health condition and prevent problems.

Room environment is also important, being monitored
in order to ensure that it contains no smoke, while the
temperature and humidity are ideal for a patient.

The suggested health monitoring solution is resilient
and an effective way to remotely monitor certain vital
signs that could point to a patient's health changing.

In addition to the obvious benefits for people, such a
system can aid in the gathering of data for study and anal-
ysis. The monitored data can be utilized to spot patterns
and trends in the development of health status and can
offer important details to help with better condition diag-
nosis and care.

Based on the collected data, the system can provide a
preliminary result, according to which the patient is in-
fected or not.

The possibility of storing data collected from such a
system for a longer period of time may lead to proving
whether a treatment is effective or not.
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Equipment for the Detection of People Falling
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Abstract - There are people whose state of health requires
permanent supervision. There are a number of medical or
aging-related conditions that can have quite an impact on
the daily life of these people, therefore, in order to provide
them with proper assistance and care, various health moni-
toring devices have been developed. This article proposes
the use of advanced technologies with the help of which we
can observe and record the changes in the position of a per-
son with such problems. The equipment has a sensor that
can determine the position of the body by measuring the
height from the ground. The device can be integrated into a
belt or bracelet to record data in real time. This data is ana-
lyzed and interpreted by means of a program. The program
can detect changes in posture, providing notifications and
alerts when the person has suffered a fall. Greatly simplify-
ing surveillance, the device also provides an objective as-
sessment of a person's balance ability. Since each person has
a specific posture and movement, the developed device must
be tested and adapted to adjust the coefficients in the pro-
gram, to avoid the triggering of false events.

Cuvinte cheie: stare de sanatate, gradient de presiune,
echilibru posturii.

Keywords: state of health, pressure gradient, posture balance.

I. INTRODUCTION

Many older adults experience balance problems and
dizziness. Problems can be caused by certain medications,
balance disorders, or other medical conditions. Balance
problems are one of the reasons older people fall. Main-
taining good balance as you get older and learning to pre-
vent falls can help with walking, ensuring independence
and carrying out daily activities. Several of the body's
organs, including muscles, bones, joints, eyes, balance
organ in the inner ear, nerves, heart, and blood vessels,
must function normally for normal balance to exist. When
they don't work well, they can cause balance problems for
people. Many medical conditions can cause balance prob-
lems. Also, aging is a degenerative process that affects
most organs and therefore balance problems are more pre-
sent in the elderly people. This device helps those respon-
sible for the care and assistance of patients, and sends
alerts in case of important changes in position (such as
after a fall), so that it can be observed by anyone who has
access to the created web interface. The device have an
advanced technology (in terms of design and algorithm)
capable to detect the variation of pressure in direct corre-
lation with height, combining a very good precision sen-
sor, whose essential role is to measure parameters such as
body position, [1], [2]. Data is broadcast in real time, in
specified time interval, signaling when there is a problem.
Equipment can distinguish between fall of person and the
small pressure variations that the sensor can detect when
the person in question moves, climbs stairs, etc. The de-
vice is created in such a way that it reaches a minimalistic
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size so that it can be integrated as easily as possible into a
bracelet or a belt. With the help of software that provides
not only alarms or the detection of abnormal changes in
movement posture, but also an objective assessment of the
balance of the person concerned. An unusual change in
posture is identifying by permanently measuring distance
toward ground. If essential changes happen, the warning
signal is triggered.

II. SENSITIVE DEVICE USED

A.  Sensors

Almost every aspect of life, including safety, surveil-
lance, monitoring and general awareness, requires the
development and use of sensors. The use of equipment
and devices for diagnosis, monitoring, patient care and
public health ensures greater safety and objectivity in de-
cision-making. Smart sensors are those that process data
and obtain relevant information, such as time evolution of
parameters outside intervals or connectivity to a repository
for data storage. Proximity sensors, for example, come in
a variety of varieties, including capacitive, photoelectric,
magnetic, and inductive. For the considered device, height
measurement is used, for which, in a first phase, sensors
can be used to measure the distance. Distance sensors are
often confused with proximity sensors for their similar
functions, the functions of each sensor can be misunder-
stood most of the time.

In the present work, a pressure sensor is used, which
uses the phenomenon of pressure drop with height in-
crease. Thus, the pressure gradient is monitored and if a
certain limit is exceeded, this is signaled. Pressure gradi-
ent sensors are devices used to measure the pressure dif-
ference between two points in a fluid or gas. Medical,
aviation and other industrial applications are areas where
these sensors can be used. Gradient sensors work by de-
tecting pressure differences between two points in a fluid
or gas. Pressure gradient sensors are divided into two
types: piezoelectric sensors and differential pressure sen-
sors. The pressure difference is measured by piezoelectric
sensors, which convert the pressure into an electrical sig-
nal. The sensors are extremely sensitive and can detect
very small pressure variations. Differential pressure sen-
sors, on the other hand, use a measuring element that is
sensitive to the pressure difference between a reference
and the measuring point. Because they have lower sensi-
tivity, these sensors are cheaper and easier to manufacture
than piezoelectric sensors, [3]. Air pressure is determined
by the weight of the air column at that point, or it can be
said that it is determined by the density of the atmospheric
air column at that point. It is considered that the atmos-
pheric pressure varies depending on the temperature. If we
consider that the air column at a point decreases as the
altitude increases, the result is a decrease in atmospheric
pressure with height, Fig. 1, [4].



Annals of the University of Craiova, Electrical Engineering series, No. 47, Issue 1, 2023; ISSN 1842-4805 elSSN 2971-9852

30

25—

20—

Mount Everest 8.85 km (29,035 ft)
250 mmHg (PO, 53 mmHg)

Altitude (km)

____________ Average sea-level pressure
760 mmHg (PO, 160 mmHg)

0 100

200

Atmospheric pressure (mmHg)

300 400 500 600 700 700

Fig. 1. Pressure gradient vs. altitude, [4].

At sea level, the average atmospheric pressure is about
1013 hPa, which is equal to 1 atmosphere (atm) or 14.7
psi. (pounds per square inch). Make sure that depending
on the weather conditions, the atmospheric pressure can
vary a lot in time and altitude. In general, if the weather
conditions are stable, the atmospheric pressure decreases
by approximately 1 hPa for every 8 meters of altitude, [5],
[6]. Information about the pressure sensor used and how it
works is present in the next section.

B. SPL06-001 Sensor

The sensitive pressure sensor SPL06-001 with high ac-
curacy is to measure the pressure in the atmosphere and
make the difference between any abnormality such as
normal walking, wind, climbing stairs, etc. and a fall. The
SPL06-001 sensor is a miniaturized digital barometric
pressure sensor as well as a temperature sensor. The sen-
sor is characterized by high precision, and is great for mo-
bile and portable devices. This pressure sensor is based on
a capacitive sensing principle that ensures high accuracy
during temperature changes. The internal signal processor
of this sensor converts the output of the pressure and tem-
perature sensors into 24-bit results. Pressure sensor accu-
racy is = 0.006 hPa (or +5 cm) (high precision mode),
according with specifications, [9], [10], [11].

III. APPLICATION

The code is written in Python, chosen for its simplicity
and for the fact that this programming language has the
possibility of intrinsically managing a website. The appli-
cation starts with the import of the libraries, each one be-
ing important for its function. Communication between
the sensor and the Raspberry Pi is done via SMBus, a two-
wire interface based on the 12C protocol, is used to com-
municate with the I2C sensor.

The "time" library provides functions to handle the nec-
essary timings. The "ctypes" library is used to define cer-
tain data types in communication with certain hardware
devices. The last but the most important is request library
can make requests to web servers, with the help of sending
and transmitting data through HTTP and HTTPS proto-
cols (It can be used Django or Flask framework).
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The pressure values will be continuously read through
the infinite while loop, and if there are different values in
the list, the pressure value will be added to the event list
and a corresponding text will be displayed. The algorithm
will check if the message is negative, clear the past values
displayed and add the current value, which may indicate a
new patient fall. The user interface can be as intuitive as
possible, easy to use, in the form of a web interface, Fig.

Warnings:

20230620 20:25:42

YeBORBOO

Warning

No alert

Fig. 2.

Aspects of interfaces (OK — top; Warning — bottom).

In the lower right part you can see the event log. There
are also visual warning elements on the interface (distinc-
tive signs), but the application can be easily expanded for
external warnings (sounds and optics).

IV. EQUIPMENT DESIGN

The two main components of the equipment are the
pressure sensor and the embedded system such as Rasp-
berry Pi or equivalent, Fig. 3. The sensor and Raspberry Pi
are connected via digital interface. Raspberry Pi has the
role of a small computer on which the application is locat-
ed. The sensor data can be transmitted to a web interface,
or to an alarm, which has the role of signaling any type of
patient fall. The web interface will not only receive the
sensor data, but also the alerts that will be able to confirm
the alert and remain on record to know the date and time
of each such event, Fig. 4. In the flowchart, "A" represents
the current reading and "B" represents the average of the
previous readings. When the device is turned on, the first
step it will go through is calibration. Calibration is done
through the first readings of the pressure sensor, which
establishes the reference value for the current location and
current conditions, and ends up having approximately the
same pressure after each reading. After calibration, normal
sensor readings will follow that will arrive in the ready
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state, each reading being compared to an average of thirty
units less than the current value, [6], [7].

Embedded
0 system
2 (Rasp Pi Zero) Signaling
0 Data logger
a- . .

Application

Fig. 3. Block diagram of equipment.

If the reading is less than the threshold of three units (as
the difference), the circuit will resume reading, so that the
next reading will be taken to the initial state, where it will
be compared with a value that is at least ten units higher.
If this condition is not met the reading resumes and if the
current reading is greater by at least thirty units then the
reading will enter the "warning" state.

These values were chosen empirically, for a stable op-
eration of the equipment. These thresholds can be modi-
fied and customized depending on the patient.

Calibration

l

No. of readings

0

A-B<10 )
]

‘ Warning ‘

4

Delay (5 min)

-

Fig. 4. Flow chart of aplication.
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The threshold is set to every ten centimeters so as to re-
sult in an average, to have an average error that represents
the pressure differences in the atmosphere, whether we are
talking about normal walking, climbing the stairs or going
down them, [8].

The warning state shows us that the value transmitted
by the sensor is quite high and that it can only represent an
anomaly so that it would return to the ready state again, or
if there are at least three consecutive readings that end up
entering the warning state, these will alert in real time an
alarm, representing the patient's fall.
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Fig. 5. Experimental results.
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Fig. 6. Experimental data in ascending and descending
order, to highlight hysteresis errors.

In the situation where the sensor has reached the alarm
state, the data to be read and passed through the same pro-
cess are no longer taken into account, the alarm represent-
ing the most important point at which a reading can reach.
The alarm condition lasts until cleared by resetting the
sensor and repeating all of the above steps, or lasts up to
five minutes if not cleared by restarting the calibration
process. After the five minutes in which the alarm is not
turned off by anyone, it will be recorded on the applica-
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tion with the date and time it occurred, even if it will no
longer be in an alarm state, so that it can be viewed at a
later time.

V. RESULTS AND COMMENTS

After fully understanding the operation of the sensor
and the variation of pressure with height, measurements
were made readings every 10 cm until 200 cm, Fig. 5. The
actual value that the sensor reads to observe the rise and
fall of pressure, at different heights, was obtained by aver-
aging, the sensor being influenced by events such as sud-
den movements, gusts of wind, etc.

From these experimental results became, by linear re-
gression, an ideal characteristic, presented on the same
picture, Fig. 5. This can be useful when develop applica-
tion, to increase estimation of events occurs. The presence
of the hysteresis error was also analyzed, Fig. 6.

As can be seen, this is present especially towards the in-
itial value (0 cm) from where the evaluation is made. The
pressure drop with height is not smooth, due to various
factors (the sensor provides a very good resolution on 24
bits of the pressure measurement, which causes excessive
sensitivity to any influence such as air movement or posi-
tioning accuracy in front of the landmark). Arithmetic
average is the most suitable because it can be easily seen
that although different phenomena occur, it is kept as cor-
rect, there is the possibility of events that change the pres-
sure at a certain height especially during normal walking,
events such as sudden movement or walking more quickly
and this leading to an error in the measurements. A series
of averages were done to see which one is the most suita-
ble, such as shifting average which is the calculation
method that is based on consecutive values.

Another possible formula is the statistical average,
which selects the median value of the entire data read. A
possible comparison between these values leads to im-
proved performance by choosing the best averaging meth-
od. Hysteresis error uses the classic formula, applied in
the worst case (here at 0 cm height), (1). Hysteresis error
occurs when the measured value (such as pressure) is in-
creasing or decreasing and may not be the same in both
directions, [11], [12], [13]. In this case, this error is about
27%. Even this error is significant, it can be reduced, but it
is also useful to avoid any false alarm (decreased sensitivi-

ty).

€h [%]=|p_mM-p_mm/|p_max-p_min|*100 (1)

The explanations of quantities are: [p_ mM-p_mm| is the
absolute maximum difference of pressure, observed from
the graphic representation; [p_max-p _min| represents ab-
solute difference between maximum and minimum pres-
sure for which the variation characteristic was established.

Experimental setup consists of a measuring tape, Rasp-
berry Pi Zero W to which the pressure sensor is connect-
ed, a plier set that allows positioning (from 10 by 10 cm)
on the measuring tape, Fig. 7.

Data acquired use two relation to make mean of meas-

ured pressure: median (statistical) and average (arithmetic)
formulas, Table I.

There is some difference between results because mean
formula is different.
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Fig. 7. Aspect of experimental setup, to establish pressure vs. height
correlation

Also was use relative pressure because this value is
used by algorithm to make decision.

TABLE L.
SOME SAMPLES OF DATA ACQUIRED

Height I.’ressure [hPa] .
[em] Statistical sf;etliZEZZl Average 1;522;’:
100 | 997.9746 | 0.217674 | 997.9463 | 0.170828
110 | 997.9578 | 0.200874 | 997.9440 | 0.168592
120 | 997.8901 | 0.133167 | 997.93256 | 0.157092
130 | 997.9107 | 0.153807 | 997.9302 | 0.154794
140 | 997.8777 | 0.120766 | 997.8826 | 0.107219
150 | 997.8836 | 0.126652 | 997.8656 | 0.090145

Considering a pressure sensor, hysteresis would be the
error in the measured value immediately after pressure is
applied to the sensor, before the system responds. Once
the pressure sensor eventually reaches a steady state, the
error is reduced. This error can be reduced in this applica-
tion by increasing the interval between readings, the
measurement time, but this may affect the response time.
The sooner the occurrence of an event in which a differ-
ence in a patient's posture is observed, the better the de-
layed intervention of the medical staff will be avoided.
The device can be made in a more compact way, using the
smallest representative of the Raspberry Pi family, the
Raspberry Pi Pico. Components of entire equipment are
reasonable in terms of weight and sizes, Fig. 8, Fig. 9, Fig.
10.

The device can be used alone or expanded with the
sampling of other signals, outline more complex equip-
ment for patient monitoring.
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Fig. 9. Fixing the equipment on the belt.

The entire equipment can be carried in the pocket, belt
or bracelet. The power bank supply with 5 V the equip-
ment and ensure an operating time according with its ca-
pacity. According with specifications Raspberry Pi Zero
consumption is about (various versions and situation): idle
-~65 mW, Widle-~0.6 W,2 W idle - ~1.4 W, stressed -
~1 W, W stressed - ~1.85 W, 2 W stressed - ~2.9 W. If go
further we have possibility to use Raspberry Pi Pico, and
in this case we have, at power supply of 3.3 V, the follow-
ing results: WiFi connected: 43 mA, WiFi connected and
answering remote ping requests: around 60mA.
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Fig. 10. Bracelet version of balance monitoring device.

For example, a power bank of 5000mAh can be use in
condition of 1.5 W consumption (intensive use of Rasp-
berry PI Zero board) almost 24 hours (ideal condition and
not complete discharge the power bank because this oper-
ation can damage it). In case of using Raspberry Pi Pico,
three weeks is operating time. An optimization is needed
between operation time, charging of battery, and weight of
equipment.

Because of low-voltage operating (3.3 — 5 V), the
equipment is safe in operation. To avoid short circuit be-
tween sensor pads and GPIO pins, or bending them, the
hardware components must be fixed in a box.

VI. CONCLUSIONS

Equipment developed use low-cost components and
software application use friendly programming IDE (Py-
thon). Also the design of the equipment took into account
that it should be robust and accurately signal any event
that indicates an important change in a patient's posture.

Was choosing Python for integrated web framework;
more than two possibilities to use this facility: Django and
Flask. Django is high-level, full-stack framework used for
quickly developing clean-looking apps. Flask is a micro
web framework written in Python. It is classified as a mi-
cro framework because it does not require particular tools
or libraries.

To detect changes in distance to the ground, pressure
sensors was chosen, because has been exploited the gradi-
ent of pressure vs. the height (altitude). In the develop-
ment of the algorithm, situations that can generate false
alarms were taken into account, such as climbing stairs
and occasional pressure variations (such as those due to
opening a door). This differentiation between the situa-
tions that appear was solved by means of mediation, re-
peating data reading and counting operations. Quantita-
tively, these operations were established experimentally.

Remarkable is the accuracy of pressure sensors SPL06-
001; actually was necessary to decrease this accuracy (24
bits) because o stability of readings.

Also a hysteresis error was noted, but is beneficial in

this case because for small variation (e.g. for stepping
movement), the signal is more stable.
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Developments of the application can be considered the
possibility of adjusting the parameters in the program in-
terface, the possibility of presenting events in the form of
a diagram, and the extension of the application to mobile
devices.

To increase duration of operation it is possible to deac-
tivate some unnecessary peripheral like LED indicator on
Raspberry Pi board, or use Wi-Fi connection only when is
needed. Also it is possible to use idle facility of Raspberry
Pi board, and in this case operation time can increase sig-
nificant (one week in case of Raspberry Pi Zero).

Entire developed equipment is a starting point for im-
provements.
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Abstract - This article presents the importance of analyzing
the breakdown behaviour of high voltage fuses and high-
lights the pressure values at the fuse ends. The theoretical
basis, test scheme structure, design and sizing elements of
fuse components, and numerical simulations performed in
Matlab/Simulink are presented. The extinguishing envi-
ronment is not modelled as it is considered to be a vacuum
Starting with the oldest overcurrent protection device and
continuing with the importance of high voltage fuses for
operational safety, the study presents the behaviour of high
voltage fuses during short-circuit current interruption. The
key element is the value of the pressure on the contacts of
fuses, which is often ignored in favour of the pressure of the
middle element. When fuses change from solid to liquid
state the inner parts are hotter than the outer parts and
melt first, and the melting zone extends to the periphery.
The study found that the pressure is much higher and is an
important value for designers. Experiments showed that the
maximum pressure is reached during the arcing period, a
significant finding for the design process of the contacts of a
high-voltage fuse. The research was then extrapolated to
check the pressure in metal enclosed switchgear containing
fuse combinations.

Cuvinte cheie: sigurante de inalta tensiune, presiune, curent de
scurtcircuit, timp de arc electric, element fuzibil, celule elec-
trice, combinatie separator-sigurante fuzibile

Keywords: high-voltage fuses, pressure, short-circuit current,
arcing time, fuse element, switchgear, load break switch-fuse
combination.

I. INTRODUCTION

The oldest protection device against high currents is the
fuse and today it is still the main protection used in many
applications due to its high reliability at voltages starting
from 7.2 kV to 66 kV. The design of fuses is apparently
simple, but the phenomena that occur during its operation
are quite complex. For this reason, fuse research and
development has tended to rely on empirical methods,
requiring a great deal of expensive experimentation and
testing. To overcome this, the current global trend is to
turn this empirical research into science.

Standards used by the applications with fuses are
constantly improved, but the basic parts remained
unchanged for more than half of century [1-5]. Electrical
systems nowadays require higher short-circuit power
concentration and space limitation; therefore, modern
fuses operate at the maximum technical limits for which
they were designed. Increasing of the safety requirements
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mean safety limits decrease and the smallest selection
error can have serious consequences [6-12].

Fuses are found in many electrical circuits around the
world and their main function is to protect electrical
equipment such as distribution transformers, motors and
capacitor banks from overload currents.

One of the global objectives is to design fusible seals
that will operate safely in air with limited heat dissipation
when used in gas insulated switchgear.

The fuse has to detect and isolate the faulty equipment
from the rest of the circuit, therefore it is connected in
series with the protected equipment. The simplest fuse
consists of a metal wire connected between two insulated
supports. Modern fuses are encased in a ceramic enclosure
and the fuse wires are mounted inside an insulating
support, they are also equipped with a striker, a signaling
device that also acts as an actuator for other electrical
devices. The ceramic casing is filled with an arc-quenching
exothermic material that is most commonly quartz sand.
Other metal components may be made of copper, iron,
brass, and can be silver-plated or nickel-plated and must be
capable of functioning under the thermal, mechanical, or
electrical conditions encountered in service.

Medium-voltage switchgear equipped with load-break
switches and fuses (combinations) in metal enclosures are
common and reliable, and their design limits the
mechanical effects of excessive pressure surges. In order
to assess the effects of pressure on the metal envelope,
experiments were carried out on the unsuccessful opening
of fuses which were deliberately designed with defects
and which did not limit short-circuit currents, thus
creating pressure in the metal envelope.

II. LITERATURE REVIEW

The behavior of fuses at maximum breaking current has
been extensively analyzed over time. The fuse wire
melting process is shown in Fig. 1.

At the end of the liquid phase (the pre-arc period) the
voltage increases exponentially, as shown in Fig. 1. The
moment wh en the voltage rate begins to increase abrupt-
ly marks the beginning of the arc period. Heat continues
to grow even though the current has dropped up to that
moment. The metallic coherence within the wire is inter-
rupted, before the material is completely vaporized, and
an arc is formed [1,3, 9-16]. Researches [8,13] have
shown that devices without serious manufacturing defects
and with symmetry within tolerable limits will most like-
ly melt in the central region, as suggests the temperature
distribution on the metal element.
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Fig. 1. Fuse wire melting process

Quartz sand fuses with metal parts. Fuse melting leads
to metal droplets and vapors that dissipate into the rest of
the ceramic casing, creating a gap and instantly initiating
the arc [14].

Thermal ionization of the containing medium contrib-
utes to arc formation. If there is only air in the ceramic
case, when the arc flashes expand, they create both high
temperature and high pressure in the plasma, therefore an
active medium. The size of the arc is a rapidly changing
as a function of the burning rate of the metal parts (arc
elongation). This process leads to rapid increase in the
electrical resistance of the arc and its eventual extinction
[1-3,7,9]. Another study of plasma-wall interaction [6]
shows that the electrical conductivity of the plasma o is
basically given by the current (i) and the voltage (u), as-
suming that the plasma fills the ceramic casing with a
given radius R:

il
P
u R’

Doubts arise whether this phenomenon will occur
regularly or whether the cylinder of liquid will explode
under the mechanical action of vapor pressure. [3, 9, 16,
17]. From specialized literature it is known that a
cylindrical wire completely melted by an electric current
passing through is subjected to a pressure directly related
to the surface energy and a magnetic pressure created by
the electric current. The magnetic pressure will be higher
at the smaller diameter of the fused wire. A cylindrical,
current-carrying liquid conductor stretched in air deforms
into a series of globules (wavelets) as a result of surface
tension and magnetic pressure. Small arcs will occur
between these globules if the source voltage of the circuit
is high enough. This phenomenon is called "multiple arcs"
[1-3, 10, 16]. For this situation the following equations
have been used for the calculation of the magnetic
pressure:

()

(@)

)

where u ; is the magnetic permeability constant:
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This parabolic equation explains the graph: P = f{1).

The evaporation process of the molten wire creates a
column of metal vapor in an air environment that expands
very rapidly due to the pressure created by this vapor [16].
Theoretical and experimental studies of melting wires
have shown that fusible elements can overheat in the
liquid state after reaching the evaporation temperature
under atmospheric conditions [18-20]. At the actual
evaporation temperatures, the metal vapor column has a
much higher resistance than that of the fusible element at
the same temperature but in liquid state. The safety
resistance in this case is determined by the cross-section
of the metal vapor column, the length of the column and
the specific resistance of the ionized metal vapor.
Experiments have shown that the cross-section of the metal
vapor column is dependent on the current [1, 2, 16-23].

Arcing occurs in the metal vapor column and it is a self-
sustained electrical discharge in which the plasma is at
high temperature, high pressure, and the surrounding
environment is in local thermodynamic equilibrium. The
most important characteristic of the arc is its temperature
[1-3, 16, 23]. Under these conditions, a low electric field
strength is required to maintain a high electron density and
also there is little electrode drop [1-3, 23].

In the literature, the methods used to determine plasma
temperature are generally those described in [2, 6, 22], but
research findings vary. The work of these authors focuses
on materials other than copper, such as silver and aluminum.

Chikata et al along with Cheim and Howe [7] estimate
that the temperature remains constant throughout the
phenomenon at about 20000 K and 24000 K, and the
electron density is about 1018 cm?®. Saquib [20] noticed a
drop from the maximum temperature of 22000 K
generated by the arc to 15000 K 4.1 ms later. Maximum
electron density was 2x1018 cm’.

In paper [6] the values obtained point a maximum
temperature at about 21000 K and a decrease to 11000 K
at the end of the arc period, the temperatures are evaluated
using the Boltzmann diagram, the electronic density
differentiated by other researchers has a maximum value
of 2x1019 cm’. In the experiments and research of M.J.
Taylor were observed and described the fragmentation of
exploding wires and the formation of plasma [24-26].
During his experiments, he mainly used capacitor-based
pulsed power supplies and also made time measurements
of the voltage on the wire and the current. The wire
material used was high purity copper (99.9%) with larger
geometric characteristics (1.0 mm in diameter, with a
length ranging from 150 to 180 mm). These experimental
results showed the change in resistance and plasma
formation and expansion of the current and voltage
waveforms of the used pulses by X-ray imaging,
photographic study and measurement [27-32]. Detail of
the development of plasma spots was studied using
photographic images.

There are papers [35] which highlight the conflicting
claims of [37] to [33] and explain the consequences with
regard to the use of fuses in combination with circuit
breakers containing sulphur hexafluoride as an
extinguishing medium. In fact, important and well-

(4)

nr
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established applications for fuses are virtually excluded
by [37].

Alternative proposals for resolving the conflicting
situation in International Standards are presented.

In the medium-voltage ring network configuration, the
typical medium-voltage switchgear of medium-voltage
and low-voltage substations is a compact and often non-
extendable 3-function RMU, consisting of two
interrupting switchgear units plus a protection unit
connected to the medium-voltage/low-voltage
transformer. The protection unit can be a combination
circuit breaker-fuse or a circuit breaker. For such public
distribution applications, the protection of medium-
voltage/low-voltage transformers by a combined medium-
voltage circuit-breaker/fuse provides an optimised
solution. The circuit breaker/fuse has its place in smart
grid investments [35].

The main objective of the paper [36] is to
experimentally  investigate the DC  switching
characteristics of a combination DC circuit breaker. The
DC circuit breaker is a combination of a DC isolator and a
fuse and is preferred in some DC switching applications.

III. EXPERIMENTAL TESTING FOR
PRESSURE VERIFICATION

It has been observed that the temperature level of the
phenomena caused by breaking is between 2000 K+~30000
K and the current densities can subject any material to
excessive stresses.

This article presents an experiment in which the values
of the pressure exerted from the inside on the fusible fuse
contacts and the porcelain outer casing are evaluated. The
fuse is a classic design where the extinguishing medium is
quartz sand.

The lower end of the fuse (without striker) has a special
port to accommodate a pressure transducer (Fig. 2).

Fig. 2. High voltage fuse bottom contact

It was then fitted with an STS Sirmach ATM pressure
sensor — Fig. 3.

The pressure sensor used in the experiments and
mounted on the high-voltage fuse (Fig. 3) has the follow-
ing technical characteristics: pressure measuring range:
2+25 bar; analogue output: 0+10 V; supply voltage:
15+30 Vdc; operating temperature: -25+85°C; accuracy: <
0,5/<0,25/<0,1; response time: < lms.

The acquisition system (Fig. 4) consisted of single-
channel HV 6600 analog-to-digital converters (ADC)
coupled via fiber optics to an high-speed transient recorder
(TR) with a sampling rate of 25 MS/s at 16-bit resolution.

The acquisition system has an analog +/-0-100 VDC
input, fully galvanically isolated with fiber optics and high
immunity to electromagnetic interference. Perception
software platform compatible with HBM GENESIS ac-
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quisition system. The correlation between pressure and
voltage in the experiment: 2+25 bar/0+10V => 2.3 bar/V
=>p = 2,3* (Pout)+2 pressure sensor.

+Vin
Pout
GND

b)

Fig. 3. Pressure sensor (a) pressure sensor mounted on high voltage fuse;
(b) pressure sensor wiring diagram

PC

FO

AC Source —=

Fusible fuse

Fig.4. Data acquisition system

The circuit shown in Fig. 5 was used in the experiments
and consists of: G - high current AC source 2500 MVA
generator; XR - shock coils with 400 mQ; MB1, MB2,
MM - switchgear (MB1-master breaker computer con-
trolled, MB2 — master protection breaker set to work after
200 ms, MM — master maker set to close in the zero of
voltage to obtain the maximum peak of current); T - 80
MVA step-up transformers; R-C - transient recovery volt-
age regulation circuit (200 mQ and 87 pF ); O1 - current
measurement; O2 - transient recovery voltage measure-
ment; O3 - source voltage measurement; O — the tested
fuse (24 kV, 25 kA, 50 A) equipped with pressure meas-
urement as in Fig. 4.

A
| st |

P

-

X

— 1T el et
I_ MB:i MB: MM
j|0= T

Fig.5. Circuit used in experiments

ke |

Cor 3

The signals from the current, voltage, and pressure
transducers are acquired by an automatic measuring sys-
tem and further processed.

Before the experiments, the same circuit was devel-
oped in MATLAB Simulink and the oscillograms in Fig.
6 were obtained.

The extinguishing environment was not modelled in the
simulation because it was considered empty. The voltage
and current values, taking into account the connection at
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an angle of =18 electrical degrees, are consistent with the
assumed values, but the values obtained for the pressure
are several times higher than the assumed value.

As we have already seen, the stresses that act on the
porcelain casing of a fuse when an overcurrent occurs are:
dielectric, thermal and mechanical, due to the pressure that
builds up inside.

Almost everything is known about the dielectric stress-
es caused by operating overvoltage, but very little is
known about the thermal and mechanical stresses, be-
cause the design of thermal and pressure transducers
needs to be adapted. Making this structural adjustment is
not easy, and these expensive transducers can be de-
stroyed if the fuse blows.

Also, any design modification of the fuse body that
deviates from the standard conditions and its
characteristics may affect the breaking behavior, but there
is no alternative.
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Fig. 6. Oscillograms obtained from pressure simulations as a function of
current (a) and voltage (b)

Measuring the pressure inside the fuse body can only be
done invasively, and it is known that the porcelain casing
of fuses is tested at a static pressure that can withstand
several tens of atmospheres, but the processes during the
breaking of a current are dynamic, resulting in much
higher pressure shocks that lead to its rupture. Normally,
when the current is correctly interrupted, the pressure in a
fuse does not exceed 2 bar when the fuse melts, which is
completely harmless for the casing and the caps,
regardless of the arc energy developed, except, of course,
for the thermal stress.

What happens inside the fuse if the arc fails to
extinguish within 3-4 ms after being initiated? This can
be seen graphically in Fig. 7 when a pressure surge in
excess of 30 bar occurs with devastating effects on the
fuse and surrounding equipment. In the experiment shown
in Fig. 7, a breaking test is performed for a current of 14
kAq, assumed at a voltage of 36 kV,,s under the
conditions defined by [33].
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In the first part of the experiment, the fuse tries to limit
the short-circuit current to a value of 5.6 kA in accordance
with its limiting characteristic, but the conditions for
extinguishing the arc in 3-4 ms were not met, and since
the arc energy is high, 165 kA’s, it leads to the explosion
of the fuse. It can be seen how the high energy creates a
pressure surge of more than 30 bar, causing the fuse body
to break and the arc to last until the end of the test.

For comparison with Fig. 7, Fig. 8 shows an ideal test
in which the fuse interrupts with minimal arc energy (area
A) and another test, Fig. 9, in which a higher energy B is
developed that cannot generate dangerous pressure on the
fuse body.

Fig. 10 shows a low-amplitude (500A,,) current
breaking test for a fuse also equipped with a pressure
transducer. The fuse, according to the limiting
characteristic, should cut the current in about 10 ms, but it
fails and the arc lasts for 260 ms, leading to thermal
rupture of the fuse body (see Fig. 11) without the pressure
exceeding 3.5 bar and pulverizing the fuse body, as
happened in the experiment in Fig. 7.

D

Saveeps 1]4% § o = i

b)
Fig. 7. Oscillogram obtained from practical experiment (a) full duration
of the current; (b) zoom on the occurrence of current

Values obtained at a current making angle of ¢=48.4°:
I= 5.6 kA; I,~= 14.1 kA; t, = 024 s; P= 31.4 bar;
U=354kV; t,,= 0.8 ms; t,,. = 3.5 ms; Epu= 170.4 kAs;
E,..= 165 kAs.
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Fig. 9. Experiment on the release of high energy
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Fig. 10. Experiment for checking pressure

972.0 ms]

Fig. 10 shows the values obtained at a making angle of
¢=7.1° L= 0.57 kA; U= 55.2 kV; Energy = 55.1 kA’s;
t=0.26 s; P=3.3 bar.

The real-life values obtained are higher (the pressure is
31.4 bar compared to 8 bar obtained in simulation, rest of
the values are similar) that those obtained in simulation,
because in the simulation it was not considered the extin-
guish environment.

The literature points that the maximum pressure point is
in the middle of the fuse, proven wrong by real life exper-
iments with pressure measurements and high-speed video
recording. The maximum pressure is obtained at the ex-
tremities of the fuse.
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Fig. 11. Experient for checking pressure

IV. EXPERIMENTS TO VERIFY THE PRESSURE IN
SWITCHGEAR WITH FUSE COMBINATIONS

It is well known that successful breaking of high
currents does not create dangerous pressures in the fuse
body. For the purpose of the experiments, fuses were
designed with imperfections so that they could not limit
and break the current, and the metal envelope of the
switchgear was fitted with a membrane to limit the
pressure during the short-circuit. Pressure transducers
have also been fitted to the body of the metal envelope to
measure envelope pressures.

The values of these pressures generated in the envelope
depend very much on the value of the short-circuit
currents and their duration as well as the shape and
volume of the envelope.

The values of these pressures are not known in the
theory, because the electric arc that generates the pressure
has an unpredictable evolution due to the electric circuit,
the insulating parts and the ferromagnetic walls of the
envelope and the electromagnetic forces that occur.

In addition to the pressure transducers, the sealed metal
envelope is equipped with a valve (diaphragm) that bursts
at a certain pressure level, preventing it from reaching
values of tens of bars and limiting its disintegration with
consequences and losses in the installation.

The experiments include tests strictly complying with
the requirements at different parameters: / = 16 kA,,,;, U=
24 kVis; 36 kVi, in single-phase and three-phase
circuits, following the behaviour of the envelope under
pressure.

The position of the experimental test equipment and the
fuse socket is shown in Fig. 12.

Fig.12. Distribution sitchgear in experimental circuit for pressure testing.
Fuse placement on a side phase.

A single phase experiment is shown in Fig. 13. A single
fuse placed on a side phase ignites the arc in the enclosure
at I =16 kA, arc voltage drop U= 0.5 kV,, =1 s and
produces an energy of 280 MAZs, resulting in a pressure
shock P =1.5 bar.

Within 20 ms of the pressure shock, the diaphragm
(pressure valve) operates and limits the effect of the
pressure on the envelope.
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Fig. 13. Single phase experiment to check the pressure on the first lateral
phase

The second experiment, shown in Fig. 14, is also a
single phase test on an intermediate phase with the
parameters / = 16 kA, U = 0.5 kV,ms, W = 283 MAs,
t=1s.

Two pressure transducers were mounted on this test
specimen, one close to the fuse and the other as far away
as possible, and the pressure values P; = 2.44 bar, P, = 1.5
bar were recorded, proving that the extremely dynamic
pressure manifests itself dangerously close to the arc, as in
the first experiment. The pressure valve operates in 20 ms,
preventing the metal envelope from exploding.

1067 kV.
lu2 ., A

2328 kV

2500 A

| 0mbars | -
Eweeps: 10255

200.0 ms/giv 1.67s

Fig. 14. Single phase experiment to check the pressure on the second
lateral phase

The three-phase test (three fuses were installed) with
parameters I = 15 kA, U= 0.6 kV 5, £ = 0.5 s, giving an
energy W = 118 MA’s, P = 4.5 bar, is shown in Fig. 15.
The pressure membrane works and limits the effects of
pressure, but as in all experiments, the arc does not
extinguish and continues to produce thermal and
electrodynamic effects until the end of the test.

The experiment in Fig. 16 is similar to the previous one
with the parameters 7 = 16.5 kA5, U= 0.55 kV ps, £ = 0.5
s, W=130 MAZS, P = 4.72 bar, and the result is similar
and the pressure valve works after about 80 ms, releasing
the pressure.

In the experiment in Fig. 17, a three-phase test is
carried out with three fuses in the circuit, producing a
three-phase arc with the parameters /., = 16 kA, U= 0.5
KV, W=2300MA%, = 1s. Two pressure shocks of about
4 bar are produced, because the pressure valve did not
release all the pressure, being locked in the middle
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position, then the pressure began to rise again for 100 ms,
and when it was high enough, it completely released the
discharge surface, limiting the destruction of the metal
envelope.

1000 ms/div

973 4 ms]

Fig. 15. Three-phase experiment for pressure verification
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Fig. 16. Three-phase experiment for pressure verification
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Fig. 17. Three-phase experiment for pressure verification

200.0 ms/div 160 3|

In all the experiments carried out so far, the pressure
relief valve (diaphragm), set at a value above 2.5 bar, has
functioned correctly, limiting the effects of an arc.
However, there are also situations where it is not properly
adjusted and the pressures in the metal envelope are
devastating, as shown visually in Fig. 18.

Fig. 19 shows the oscilloscope recording for the
destructive test, using similar parameters to the previous
experiments: /=16 kA5, U= 0.55 kV s, W=290 MAZ,
t = 1 s, the pressure was not immediately released,
resulting in the destruction of the switchgear.



Annals of the University of Craiova, Electrical Engineering series, No. 47, Issue 1, 2023; ISSN 1842-4805 elSSN 2971-9852

Fig. 18. Destructive experiment for pressure verification - photo steps
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Fig. 19. Three-phase destructive experiment for pressure verification
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On the basis of tests carried out on distribution
switchgear  containing  fuse/load  break  switch
combinations, the following pattern of events can be
observed. In the first phase, the short-circuit current
causes the fuse temperature to rise from a nominal value
to the first-state transition point in the material. An
increase in resistivity can therefore be estimated as a small
linear gradient of increase and is manifested as a slight
increase in voltage from the zero values recorded at the
element terminals. This voltage rise occurs approximately
at the beginning of a half sine period. The fact that the
voltage increases non-linearly with resistivity indicates
that the material is in the same state of matter as before,
but the transition from solid to solid melting point is about
to occur. A sudden increase in voltage lasting 0.2 ms
indicates that the liquefaction temperature has been
reached.

V. CONCLUSIONS

This article presents the importance of analyzing the
breaking behavior of high-voltage fuses and emphasizes
the pressure values at the ends of the fuses, important
values in the design process.

The waveforms obtained can be divided into the pre-arc
period and the arc period. A series of initial conditions
were replicated in this study and their results were
observed in the experiments. Parameters that control a
potential outcome are the sinusoidal quadrant where the
preliminary arc starts, the surface imperfections and
internal crystalline structure of the copper wire, the
surrounding environment, the geometry of the conductive
fuse relative to the materials, and finally the quality and
geometry of the rest of the device. The geometry of the
fuse material was simple and all fuses used the same type
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of fuse elements, providing a common reference for the
rest of the parameters.

Based on the presented experiments, it can be observed
a pattern of events. First, the short-circuit current causes
the temperature of the fuse to rise from a nominal value to
the transition point from the first state of the material.
Thus, an increase in resistivity can be estimated as a small
linear gradient of increase manifested by a slight increase
in the voltage at the element's terminals. This voltage rise
occurs approximately at the beginning of the first half of
the sine wave period.

The fact that the voltage increases in a non-linear
manner due to resistivity indicates that the material is in
the same state of matter as before, but the transition from
the solid to the melting point is about to occur. A sudden
voltage increase in 0.2 ms indicates that the pour point has
been reached.

As fusible elements go from solid to liquid the inner
parts are hotter than the outer parts and melt first. Then the
melting zone extends to the periphery.

At melting temperature, the resistivity of the molten
material is much higher than the solid material one, and
increases as melting continues. (Specific resistivity data
for copper are: solid at melting point 10.2x10® Ohm-cm,
liquid at melting point 21.3x10° Ohm-cm, and molten
13.8x10°° Ohm-cm) [3, 7-10].

As it can be observed from the figures, the step increase
in voltage is followed by another voltage increase that can
last 2~6 ms.

Whether this increase is linear, a combination of linear
increases of any duration depends on the phase of the sine
wave and the power that passes through the wire and is
converted. The equations for the temperature distribution
estimation on the fusible elements can be found in the
literature [8].

One of the key findings is the value of the pressure
exerted on the caps of a high-voltage fuse, which has not
been tested before. It also confirms the theory that the
pressure at the ends of the fuse is directly proportional to
the recovery voltage.

Analysis of fusible elements after experimental testing
and fulgurite distribution confirms that the electrical
conductivity of quartz sand to a fused conductor is very
low at the pressures evaluated.

Experiments have shown that the maximum pressure is
reached during the arcing period, an important finding for
a high-voltage fuse contacts design and for a full
understanding of the phenomena that occur inside it
during the opening of the electrical circuit.

The evolution of fuse element disintegration over
different time periods can be controlled by controlling the
Joule energy in the fuse wires, which is directly
proportional to the pressure in the fuse contacts.

The scientific contribution consists in the calculation
and realization of the test circuit for pressure verification,
solution for creating the experimental model, study of the
most unfavorable situation, solution for the acquisition of
the pressure values and the results interpretation.
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Abstract - The aim of this paper is the comparative study of
the behavior and performances of two photovoltaic power
plants of different installed power, but which uses identical
equipment. The difference in size is being given by the num-
ber of specific equipment used (the power inverters and
solar panels). The plant behavior was investigated, as the
injected active power is dependent on the available sunlight
to the photovoltaic panels (and a larger plant leads to a
larger panel area), as well as the influence of the power
plants to the power grid, given the fact that a large power
plant will inject more active power, and the grid local power
transformer must be able to accept this power. The power
plants efficiency was also investigated, as typically, the big-
ger the plant, the higher the efficiency must be. But, the
efficiency depends on the generated active power (which
must be high, to have a good efficiency) and in the case of
photovoltaic power plants, the produced power depends on
the available sunlight, and again, the bigger the plant, the
bigger the panel area susceptible to be shaded. This gives
the fact that although the injected power is higher for the
bigger power plant, if the power of each inverter is below
the rated power, the overall efficiency is lower compared to
the small power plant which works at the rated power.

Cuvinte cheie: fotovoltaic, central electrica, radiatie solara.

Keywords: photovoltaic, power plant, solar radiation.

I. INTRODUCTION

Nowadays renewable energy is increasingly used due to
its potential benefits, meanly the reduction in greenhouse
gas emissions, by reducing the dependence on fossil fuels
used in classical power plant (coal and gas) [1].

Although solar energy is considered to be convenient, it
has specific costs and issues, given by the solar power
plant equipment. On one hand, the investment cost must
be amortized, and on the other hand the solar power plant
is based on static converters. Therefore, before the plant
lifetime is reached and the equipment must be recycled,
(resulting in an amount of waste) the solar power plant
gives electric pollution during its lifetime. This is because
the solar energy is injected to the power grid only by
means of power inverters, which are injecting voltage and
current harmonics to the grid [2-7].

Another problem is caused by the generated energy
availability, which is directly dependent on the solar radia-
tion. Consequently, the solar power plants can produce
electricity only during sunny days. When the sky is cloudy
the solar plants production drops, and during nighttime the
production is halted [8-9].
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Considering the convenience of installing solar power
plants in Romania region, the country is located in a geo-
graphical area which gives good solar coverage, having
210 sunny days per year with a solar energy annual flow
between 1000 kWh/sqm/year and 1300 kWh/sqm/year
[8][10].

As a function of the intensity of solar radiation (Hi) in
the horizontal plane, Romania is in the European sunshine
zone B, considered to be advantageous to produce elec-
tricity by means of solar energy.

Romania is divided into three areas, dependent to the
geographical area [8]:

e  The red zone, for Hi>1650 kWh/sqm/year, which
includes the southern areas: Oltenia, Muntenia,
Dobrogea and the south of Moldova;

e the yellow zone with Hi between 1300 and 1450
kWh/sqm/year: the Carpathian and sub-
Carpathian regions of Muntenia and Oltenia,
Transylvania, the middle and the northern part of
Moldova;

e the blue zone which includes the mountain re-
gions - radiation intensity between 1150 and 1300
kWh/sqm/year.

The paper aims the comparative study of two photovol-
taic power plants installed in Romania (low-power and
high-power) on the same urban location.

After the introduction, the studied power plants are de-
tailed in the second chapter, and in the third chapter, the
experimental data is presented and evaluated. Finally, the
conclusions are drawn.

II. THE POWER PLANTS

The two photovoltaic power plants taken into consider-
ation are both located in the urban area of Tg. Jiu, Roma-
nia, in the Gorj County.

The first plant is residential, connected to the public
power grid, at about 250 m from the power transformer,
among home consumers, mainly apartment flats. Howev-
er, the rated power is relatively high, for a residential
plant. The main parameters of this plant are:

Py =50 kW;

e  Number of panels: 108;

Panel rated power: 540 W;

e  Number of inverters: 1;

Inverter rated power: 50 kW.

Rated power:
o)
o)

The second studied power plant is also located in Tg.
Jiu area, but in the industrial zone, and is connected to the
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power grid directly to the power transformer. The main
parameters of this power plant are:

Pn =250 kW;
e Number of panels: 466,
o Panel rated power: 540 W;

e Rated power:

e  Number of inverters: 5;
o Inverter rated power: 50 kW.

The photovoltaic panel type used for both plants is
LR5-72HPH-540M, with the following rated parameters:

e Max power: Proax =540 W;
e  Open circuit voltage: Voc =495 V;
e  Max power voltage: Vinp =41.65V,;
e  Short-circuit current: Isc =13.85A;
e  Max power current: Lnp =1297 A;
e Efficiency n =21.1"%.

The power inverter used for both plants is SUN2000-
50KTL-MO, with the following rated values:

e  output power: Sn=50kVA;

e output voltage: Uy =220/230 V (3f+N);
e outputcurrent:  Iy=76/72.2 A;

e power grid frequency: fn =50/60 Hz;
e  max harmonic distortion: THD = 3%j;

e max input voltage: Uy = 1100 V;

e max MPPT input current: Ljen =22 A.

The 50 kW power plant uses one power inverter with
the corresponding 108 photovoltaic panels organized on 6
rows each with 18 panels.

The 250 kW power plant uses the same configuration of
panels, for each of the 5 inverters.

III. EXPERIMENTAL RESULTS

The electric and energetic parameters of the two con-
sidered power plants had been recorder in August, 2023. It
can be seen that the data was recorded during the “good”
period of the year, when the solar radiation is the highest.

The analyzed data was recorded by the power inverters,
given their capability to measure, compute and record (for
a time step of 5 minutes) a comprehensive number of
quantities:

e The power grid RMS voltage (phase and line
voltages);

e The power grid RMS current;

e Active power injected to the power grid;

e Reactive power;

e  Power factor;

e  Generated energy to the power grid;

e Frequency;

e Photovoltaic panels voltage;

e Photovoltaic panels current;

e Inverter efficiency.

The data was recorded when the power inverters had
been online, therefore, when the solar radiation was suffi-
cient for the inverter to start and connect to the power
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grid. The time intervals when the inverters had been dis-
connected from the power grid (during night time for ex-
ample) had not been recorded. Therefore, each daily re-
cording starts after the sunrise (the solar radiation is high
enough for the inverters to start), and stops at dusk (the
solar radiation is too low and the inverters stop).

The first recorded quantity, the three-phase power grid
current RMS values are illustrated in Fig. 1. It is observed
that the RMS values of the three-phase currents are practi-
cally equal, no differences being observed qualitatively.
As expected, the current RMS value is pulsing, having its
maximum value at each mid-day, and the corresponding
minimum values at each morning and evening. Moreover,
the cloudy days can be identified, from the switching like
pattern. It must be noticed that although the both plants
are located in the same town, the injected current is not the
same (keeping the proportions) — not only that the produc-
tion evolution in time is not the same, but the switching
due to clouds is different.

The power grid voltages are illustrated in Fig. 2. One
can see that the phase voltages are not symmetrical, alt-
hough the currents are, showing the fact that the power
grid voltage is asymmetrical.

This does not mean that the photovoltaic plant does not
affect the power grid. To better observe the voltage and
current daily evolution, a detailed view is illustrated in
Fig. 3.
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Fig. 1. The RMS current injected to the power grid for one phase: a) 50
kW plant, b) 250 kW plant.

An interesting fact is the effect of the current affecting
the voltage as a function of plant coupling point to the
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power grid. It results that although the current injected to
the grid by the 250 kW plant is greater, because the plant
connects directly to the power transformer, the voltage
increase is lower, compared to the 50 kW power plant
which is connected to the grid at considerable distance
from the power transformer. In fact, for the latter, the
voltage variation and asymmetry are considerable higher,
given the long lines and the single phase residential con-
sumers.

A similar conclusion can be drawn regarding the cur-
rent switching due to shading, for which the voltage is
more affected by the low-power plant.

The active power injected to the power grid is illustrat-
ed in Fig. 4. Because the voltage variation is low, the ac-
tive power shape reflects the injected RMS current shape.

On the other hand, the measured reactive power at the
point of coupling to the power grid is practically zero, as it
can be observed in Fig. 5.

The power factor is illustrated in Fig. 6. For most of
the time, the power factor is unitary, except for some short
moments. Comparing the low values of the power factor
with the active and reactive power (for the same moments
of time) it appears that the low value of the power factor
coincides with very low values of active power. Also,
considering the fact that this low-power factor values are
scarse and with no cyclic repetition, they are probably
measurement errors.
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Fig. 2. The power grid voltages: a) 50 kW plant, b) 250 kW plant.
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The produced energy by the two power plants is illus-
trated in Fig. 7. The typical daily evolution of the injected
active power is visible, given the produced energy ripple.
Also, the successive cloudy days are visible, when the
produced energy is slackened.

The voltages corresponding to the rows of photovoltaic
panels for the 50 kW plant are presented in Fig. 9. It can
be seen that the voltages corresponding to the 6 rows of
panels are relatively equal, with little differences, except
for the cloudy days, to which bigger differences appear as
only some of the panels are shaded.

The conclusion is confirmed by the current of each row
of photovoltaic panels, given in Fig. 9. It shows that the
voltage ripple and difference between rows is higher when
the panels are shaded, so the current is low value and high
ripple.

The voltages corresponding to the rows of photovoltaic
panels for the 250 kW plant are presented in Fig. 10 and
the currents are given Fig. 11.

In this case, the number of illustrated voltages and cur-
rents is considerably higher, as the plant uses 5 inverters,
each with 6 rows of panels.

At the same time, because of the high number of panels,
the probability that some of the panels are shaded while
other is not, increases. Therefore, the panel row voltage
variation as well as the current row variation is much
higher for the case of the 250 kW plant.
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Fig. 5. The reactive power injected to the power grid for the recorded
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[ [
l l
! T l
| |
1 R ——
| |
0.6F-—-——-——- A T EErT
| |
| |
I e ——
| |
02— —-—————- qmmmmmmmmm R,
l l
O | |
0 6856.67 137133 t [min]
a)
[l [l
l l
0 e R A
| |
i B f=——
| |
0.6F-—-——-——- S P ——— b
| |
| |
T e
| |
02— —-—————- qmmmmmmmmm e
l l
0 | |
0 7346.67 14693 3 t [min]
b)

Fig. 6. The power factor for: a) 50 kW plant, b) 250 kW plant.

1000

[kWh]

500

t [min]

a)

8000

6000

[kWh]

4000

2000

1 1
0 7346.67 14693.3 t [min]

b)

Fig. 7. The produced energy for the recorded timespan: a) 50 kW plant,
b) 250 kW plant.



Annals of the University of Craiova, Electrical Engineering series, No. 47, Issue 1, 2023; ISSN 1842-4805 elSSN 2971-9852

1200

1000

800

600

[V]

400

200

0 6856.67 13713.3

1200
1000
800

600

[Vl

400

200

6856.67
b)

Fig. 8. The output voltage of each row of photovoltaic panels for the 50

kW plant: a) for the recorded timespan, b) detailed view.

20 \ \
| |
1 1
15F~~~=mmrmn R e e
| i
¢ h Il Ll 1 I
DL A
= ol M AE L
LRIV B0 in R
!
50 _ )” ‘ ! L0 I
KA
[ | f
ik 0l .'
0 i 1 "",’ [ ! 1 “
0 6856.67 13713.3 t [s]

[A]

6856.67

b)

Fig. 9. The output current of each row of photovoltaic panels for the 50
kW plant: a) for the recorded timespan, b) detailed view.

66

1200

1000
800 fi

600 [i

[VI]

400 fr

200

0

1200
1000
800

600 |

[V]

400

200

7648.33
b)

Fig. 10. The output voltage of each row of photovoltaic panels for the
250 kW plant: a) for the recorded timespan, b) detailed view.

20

I5F-fF----74-aF-—--------
z 10 b NH} ; }1,\,
i
5 THE -
o) LML
15296.7
a)
20— -
ISF------- -y B
z ,,,,,,,

7648.33

b)

Fig. 11. The output current of each photovoltaic row of panels: a) for
the recorded timespan, b) detailed view.



Annals of the University of Craiova, Electrical Engineering series, No. 47, Issue 1, 2023; ISSN 1842-4805 elSSN 2971-9852

Another issue which is due to the plant size is the high-
er rate of breakdowns which is shown by the panel rows
voltage and current. Because of the high number of pan-
els, some of the connections are broken, so the row volt-
age increases to the open circuit value.

The power inverters efficiency is illustrated in Fig. 12,
for the two considered power plants. The efficiency is
high, close to 100% when the produced power is high,
close to the rated value, and it lowers when the inverter
approaches the idle regime (at the start and the end of each
day, or in cloudy days). The efficiency of each of the plant
5 inverters is shown in Fig. 12-b. The efficiency evolu-
tion during the day, and during the month, is not identical
for the 5 inverters, as the high area of panels is differently
shaded. The highest efficiency of the low-power plant is
98.7% and the lowest is 74.3%. For the high-power plant,
the highest efficiency is 95.5% and the lowest is 61.6%,
although the average minimum is 64.9%.

The typical efficiency of a power plant is higher for
higher power, which is contradicted by the obtained re-
sults. The explanation of these is given by the two plants
injected power. As seen in Fig. 4, a and b, it results that
the small power plant works close to the rated power, even
at the maximum datasheet power of 55 kW, for some
days. The high-power plant works considerably below its
rated power of 250 kW (at an averaged percent of 80% of
the rated power), for the same days and day moments,
despite the fact that both plants are located in the same
town.
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Fig. 12. The inverter efficiency: a) for the 50 kW plant, b) for the 250
kW plant.
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This is further explained in Fig. 9 and Fig. 11, which
show that the panel row currents are different for the high-
power plant, meaning that the solar radiation is not the
same for all the panels/inverters.

Therefore, each of the five inverters of the high-power
plant is working below its rated power, as proven in Fig.
13 and Fig. 14, respectively.

Another important fact is that the power inverters are
pure sine which means that they give sinusoidal voltage at
their output (very important for the inverter to work, syn-
chronized to the power grid). At the same time, in order to
obtain sinusoidal output voltage, the inverter is connected
to its load (power grid) by means of important reactive
harmonic filters.
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The passive harmonic filters give a relatively high value
reactive current which flows between the inverter and the
harmonics filter, irrespective to the load current (even at
idle operation), increasing the inverter conduction and
switching losses (compared rectangular wave inverter).
This leads to a lower power inverter efficiency, compared
to a classic rectangular wave inverter. Moreover, the pure
sine inverter uses not only the passive harmonic filters to
obtain pure sinusoidal wave, but also a “multipulse” PWM
modulation method (like the classical sinusoidal PWM
modulation), which gives higher switching losses, com-
pared to the rectangular wave inverter, which output only
one pulse per half period.

CONCLUSIONS

The efficiency of a power plant depends on its size, and
surprisingly, the smaller plant showed higher efficiency
than the bigger plant. For photovoltaic power plants, the
efficiency decreases as the plant is low on production and
the production is low when the photovoltaic panels are not
receiving direct sunlight. The bigger the plant, the higher
the total panel surface is, so the higher is the probability
that some of the panels to be shaded by thin, scattered
clouds. And the injected active power is much lower and
unstable in cloudy days.

A demand for photovoltaic power plants consists of the
pure sine power inverters which must output sinusoidal
voltage with low harmonic distortion, in order to work
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synchronized to the power grid voltage. Of course, this
gives the advantage that the solar power inverter can inject
only active power to the grid, with an insignificant amount
of reactive and distortion power, At the same time, it gives
the disadvantage that in order to obtain pure sinusoidal
voltage, large passive harmonic filters are necessary at the
inverter output. These filters require an important current
to flow from the inverter even at idle operation, resulting
in higher inverter losses. Another disadvantage of small
distributed photovoltaic power plants is the power grid
voltage increase, even more so when the plant is connect-
ed to the grid away from the power transformer.
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Abstract— This article describes a control method called
"direct power control" designed specifically for parallel
active power filters. The purpose of this method is to atten-
uate harmonics in the supply current and offset reactive
power problems. The main goal is to bring the active power
and reactive power back to the reference values through
hysteresis control. The output of the hysteresis controller is
combined with the switching table to regulate active and
reactive power in real time by determining the optimal
switching configuration of the inverter. This study proposes
a novel switching table design based on analyzing the impact
of the inverter switching vector on the instantaneous reac-
tive and active power derivatives. The goal is to reduce the
number of commutations by eliminating zero vectors while
maintaining the required DC bus voltage using anti-windup
techniques based on PI controllers.

Cuvinte cheie: controlul direct al puterii(DPC), filtru activ,
filtru activ de putere, putere reactiva.

Keywords: Direct Power Control (DPC), power quality, active
power filter, active power, reactive power, switching table

I. INTRODUCTION

Having the primary objective of enhancing the power
quality of power sources and achieving unity power fac-
tor, the Voltage Source Inverters (VSIs) continue to play a
significant role in various grid-connected applications.
These applications encompass active power filters, and
distributed generation systems utilizing renewable energy
sources such as wind and photovoltaic power [1], [2].

The widespread adoption of static converters in both
industrial and household devices, along with the use on an
increasingly large scale of non-linear loads, has led to a
significant power quality degradation especially through
the current waveforms. This deterioration adversely im-
pacts the reliability of power electronic equipment. Active
power filters, with their diverse series, shunt, and hybrid
configurations, have emerged as an appealing substitute
for passive filters due to their advantages [1]. Usually, a
three-phase Shunt Active Power Filter (SAPF), which
employs a three-phase VSI is connected in parallel with
the mains and non-linear loads at the Point of Common
Coupling (PCC). The SAPF's purpose is to reduce current
harmonics as much as possible, compensate reactive pow-
er, and maintain system stability. The effectiveness of
SAPF relies on its power structure design, adopted control
strategies, and the resilience of its controllers. Different
control methods, such as some based on instantaneous
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reactive power theory and voltage-oriented control
(VOC), have been explored to ensure optimal SAPF oper-
ation under varying conditions [1], [3]-[5].

Over the past decade, the Direct Power Control (DPC)
method and others derived from it, such as Virtual Flux-
DPC and DPC-Space Vector Modulation, were applied for
PWM rectifiers and SAPFs [6]-[17]. Some of these appli-
cations have directly utilized Noguchi's switching table for
DPC [6]. For the improvement of SAPF performance, the
authors of [7] proposed an algorithm to compensate the
harmonic current, redefined the switching functions, and
dynamically adjusted the hysteresis bandwidths of the
comparators. Different switching lookup tables for DPC
used in an AC-DC converter were analyzed in [8].

In [9], a direct power control strategy for SAPF was
presented, including experimental validation to illustrate
the good dynamics of the system. Appropriate dynamic
response of the supply current and DC voltage is also il-
lustrated in [10].

The use of the direct power control in different applica-
tions, such as rectifiers, grid connected inverters and
SAPF is well reviewed in [11].

Some new or improved switching tables to be used in
DPC implementation are discussed in [12]-[16]. Also, the
solution of using multiple switching tables for DPC is
addressed in [17] and [18].

In the case of operation under non-ideal grid conditions,
replacing the classical static look-up tables with the pre-
dictive DPC for the selection of the switching vector is
proposed in [19].

In order to regulate DC-link voltage, a new control
method using an anti-windup fractional order proportion-
al-integral differentiator (AW-FOPID) controller is the
solution proposed in [20]. A short response time in the
DC-link voltage evolution, as well as small overshoots
and undershoots are highlighted.

To compensate the harmonic currents in a grid-
connected photovoltaic system, the hysteresis control and
the DPC are the two methods analyzed comparatively in
[21]. The superior performances related to the DPC meth-
od are highlighted.

Aiming to reduce the instantaneous active and reactive
power ripples when conventional DPC is used, the re-
placement of the hysteresis controllers and switching table
by a fuzzy inference system is proposed in [22]. In this
way, a smother control is obtained.

This paper is focused on the implementation of the Di-
rect Power Control algorithm in the control of a three-
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phase SAPF system for the compensation of the current
harmonics and reactive power. First, the system is de-
scribed through its configuration, the calculation of the
instantaneous powers, the hysteresis controllers and the
switching table. Then, modelling, simulation and imple-
mentation of the system operation are presented in section
III. For the experimental implementation of the control
strategy, the dSSPACE DS1103 PPC Controller Board wor-
ing with MATLAB-SIMULINK RTW was used and some
experimental results are presented in section IV. At the
end of the work, some final conclusions are drawn.

II. SYSTEM DESCRIPTION

A.  System Configuration

The power configuration of the SAPF system based on
DPC is shown in Fig. 1. The ultimate goal is to compen-
sate both the current harmonics and the reactive power so
that the power factor at the supply side to be as close as
possible to one.

The active power filter can operate as a controlled cur-
rent source and it is required to deliver a supply current
waveform that closely aligns with the reference current.

To establish the reference current, it is necessary to es-
tablish a balance between the instantaneous power provid-
ed by the source and the active power filter, and the load
power. If notations p, and ¢, are used for the real instan-
taneous power and imaginary instantaneous power respec-
tively at the supply side, for the purpose of offsetting the
reactive power and eradicating harmonic currents, these
powers should be p, = p; and g, = 0 after compensation.
p is the instantaneous power of the load and 7; is its aver-
age value.

If p; and ¢ denote the real and imaginary instantaneous
power provided by SAPF and ¢, is the instantaneous reac-
tive power of the load, the following relationships can be
expressed.

Ps=Pp 4:=0; @)
Pr=Di— 0= +0 P =0t -0 =0
9G=91=9s=q 3

The oscillatory component of p; should be supplied by
the active power filter, whereas ¢, must be entirely

B. Instantaneous Powers Calculation

Based on the supply voltages and currents, the instanta-
neous active and reactive powers can be computed as the
real and imaginary parts of the instantaneous apparent
power or by using directly the measured quantities, as

follows [6]:
p=ei 4)

e, — ¢ )i + (¢ —e )i, + (e - ea)ib} ©))

+ e, + e.l,

a

1
1= 5 [(
In order to increase the system reliability by reducing
the number of the used sensors, Noguchi formulated the
so called sensorless DPC which is based on the estimated
voltage in the point of common coupling [16], [22].
However, it should be noted that, in this approach, the
time derivatives of the measured currents are used and the
effect can be the increase of the harmonic distortion of
the current [16].

C. Hysteresis Controllers

As shown in Fig. 1, two hysteresis band controllers are
used in order to keep the instantaneous active and reactive
powers into a desired band. Their inputs are the power
errors, respectively the differences between the reference
and calculated values of the active and reactive powers:

ref

-
Aq = Qref

As illustrated in Fig. 2, the outputs of the hysteresis
band controllers depend on the input errors (Ap and Aq)
and the imposed hysteresis band for the active and reac-
tive powers (HB(p, q)). The following expressions sum-
marize the behavior of the hysteresis controller with re-
spect to power error limits [16]:

Alp,q) > HB(p,q)

=P -p

- q

(6)

—HB(p,q) < Ap,q) < HB(p,q) (7
d(ﬂ(P,Q)) <0 Alp,q) =1
dt ’
Alp,q) < HB(p,q)
—HB(p,q) < A(p,q) < HB(p,q) (8)

sourced from the active power filter. This approach ena- a(A(p.))
bles the attainment of power compensation as well. Ta— >0; Alp,q) =0
L =
e ._(Y‘{Y“\ pic - VscC Vac;)
. a (=]
e, o R e L
F = =D- R
- A~ i J Q “
€a. b ia,ib +d.Yd,Yd-
Active & reactive power Switching
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Fig. 1. Configuration of SAPF system based on DPC.
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Fig. 2. Behavior of the hysteresis power comparator.

These outputs of the hysteresis controllers, together
with the identified sector number of the voltage vector are
the inputs of the switching table which will determine the
appropriate switching of the inverter.

D. Swiching Table

The look-up table, commonly referred to as the switch-
ing table (ST) is a crucial component in the DPC tech-
nique. It was initially used in publications relating to the
Direct Torque Control (DTC) of the induction motor [23].

ST plays an essential role in selecting the states of the
VSI’s power semiconductor devices to efficiently regulate
the active and reactive powers. This component is used to
determine how the transistors in the VSI are activated and
deactivated to achieve the desired power values.

Using a switching table in direct power control offers
advantages such as simplifying control, eliminating inter-
nal current control loops and PWM modulators, which can
lead to a more efficient and faster implementation of the
control technique.

In the context of DPC, in order to regulate the active
and reactive powers to their reference values, quick and
precise decisions need to be made regarding the switching
states of the semiconductor devices in the VSI. This is
where the switching table comes into play, providing clear
instructions on how transistors or IGBTs should be turned
on or off at each moment to fulfill the control objectives.

Usually, the switching table is prepared in advance and
contains all possible switching combinations, each with its
role in adjusting the active and reactive powers. It can be
created based on certain criteria, such as errors related to
the active and reactive powers or the position of the volt-
age vector.

Using these criteria, the DPC control decides which
switching combinations to activate in order to achieve the
desired regulation.

The primary goal when designing an ST is to ensure the
accurate tracking of the two instantaneous powers. How-
ever, certain degrees of flexibility are present when pursu-
ing this objective, affording the designer the option to
alternatively emphasize dynamic properties or system
efficiency [17].

Furthermore, the operational mode of the converter (ei-
ther rectifier or inverter) or the grid sequence (positive or
negative) should also be factored into the design process
due to the impracticality of developing a single ST capa-
ble of delivering optimal performance across all these
scenarios.
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S10

Fig. 3. Sectors and voltage vectors in the stationary reference frame.

To conceive the ST, the stationary reference frame o—f3
is divided into 12 sectors (Fig. 3). The number of the sec-
tor where the voltage vector is located can be simply de-
termined by using same comparators [24].

The DC voltage control block gives the prescribed ac-
tive power and the prescribed reactive power is an exter-
nal quantity.

The hysteresis controllers outputs are the digitized sig-
nals dp and dq. Based on dp, dq and the number of the
sector located for the voltage vector, the ST detailed in

Table I gives the control signals of the converter’s transis-
tors [6], [8].

III. MODELLING, SIMULATION AND IMPLEMENTATION OF
THE SYSTEM OPERATION

The simulation of the SAPF system operation is based
on the specific model conceived for the whole system in
the MATLAB - SIMULINK environment (Fig. 4). It con-
sists of several dedicated blocks for: the three-phase pow-
er supply, the non linear load which is an uncontrolled
rectifier with RLC load, the PWM VSI, the control algo-
rithm implementing the direct power control.

Fig. 5 illustrates the structure of the block named “Al-
gorithm Control”, according to the direct power control
principles.

To highlight the correct operation of the control system,
the waveforms of the phase voltage and supply current
after compensation are illustrated Fig. 6. It must be speci-
fied that the supply current (in red in Fig. 6) is multiplied
by 2 for qualitative identification. It can be seen that the
compensated supply current is almost sinusoidal. For
comparison, Fig. 7 shows the waveforms of the phase
voltage and the high distorted load current.

TABLE L SWITCHING TABLE FOR THE ADOPTED DPC

dp dq 8 (6 [ B: 6, Bs (6 6 |6 6 By 6y 6

0 101 111 100 000 110 111 010 000 011 111 001 000
1

1 111 111 000 000 111 111 000 000 111 111 000 000

0 101 100 100 110 110 010 010 011 011 001 001 101
0

1 100 110 110 010 010 011 011 001 011 101 101 100
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after compensation.
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Fig. 8. The time evolution of the actual DC voltage across the capacitor (in
blue) and its prescribed voltage (in red).

To illustrate the correct operation of the DC-voltage con-
trol loop, the actual voltage across the capacitor (in blue) and
its prescribed value (in red) are shown in Fig. 8. It can be
seen the faithful tracking of the prescribed value and that
there is practically no steady state error, compared to the
imposed value of 780 V.

IV. EXPERIMENTAL VERIFICATION

The experimental verification was done on a test bench
for the SAPF system within the Research Centre for Electri-
cal Engineering of the University of Craiova.

The control strategy is executed through a single-board
dSPACE DS1103 PPC Controller Board, with integrated
development environment of MATLAB-SIMULINK RTW,
provided by MathWorks, Inc. The adopted sampling time
used in the experimental tests is 25 ps, and experimental
results are derived using identical parameters as those used in
the simulation.

A picture of the conceived user interface by using Control

Desk 5.3 is shown in Fig. 9. Both experimental results and
the control panel are illustrated, as follows. The supply phase

voltage and current after compensation are shown 1n the top
left figure. It can be seen that they are in phase and the cur-
rent is very close to the sinusoidal form, so the active filter-
ing results are very good. The total harmonic distortion
(THD) factor of the compensated current is about 7.2 %.
Below these waveforms, the phase supply phase voltage and
the distorted load current are displayed. In the bottom left
figure, the three phase currents at the supply side after com-
pensation are shown proving the balanced operation. In the
upper-right corner, the control options for the algorithm are
displayed, followed by the DC capacitor voltage (prescribed
and actual values) waveforms.

An additional analysis was performed using a Fluke 41B
harmonic analyzer for same measurements and experimental
acquisitions. The results shown in Fig. 10 — Fig. 15 corre-
spond to a load current of about 10 A. Thus: the acquired
supply current after compensation is shown in Fig. 10; its
harmonics spectrum is shown in Fig. 11; the numerical val-
ues associated with this current are shown in Fig. 12. With
reference to the supply voltage, Fig. 13 illustrates its wave-
form, Fig. 14 its harmonics spectrum and Fig. 15 the associ-
ated numerical values.

It must be specified that the supply voltage available in the
experiments has a small harmonic distortion of about 1.8 %.
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Fig. 10. Acquired supply current after compensation.
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Fig. 9. The dSPACE Control Desk user interface.
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Fig. 11. Harmonics spectrum of the supply current after compensation.
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V. CONCLUSIONS

This paper described an application of the direct power
control in a three-phase shunt active filtering system.

Both the modeling and experimental implementation
of this specific control algorithm are relatively simple and
effective at low currents.

In order to confirm the control strategy’s great perfor-
mance, numerous simulation are conducted, demonstrat-
ing how the non-sinusoidal load current can be changed to
a quasi-sinusoidal current after the active filtering applica-
tion.

Since the reactive power is zero after compensation
and the active power closely follows its reference, an al-
most unity power factor is assured.

The simulation results are validated by the experi-
mental results.

The experimental results were obtained within the Re-

search Centre for Electrical Engineering of the University
of Craiova, by using the dSPACE 1103 interface.
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Abstract - In order to realize an efficient synthesis of the
control algorithm, it is necessary to be known the mathe-
matical model of the control object. This paper deals with
the problem of data-driven control of second order astatic
inertial systems with, or without time delay, that supposes
an experimental identification of the mathematical model in
the closed-loop and algorithm for synthesis the PD and PID
controllers. The control algorithm was synthesized accord-
ing to the maximum stability degree method with iterations.
The closed-loop identification method and control algo-
rithms of the PD and PID controllers were verified by com-
puter simulation in MATLAB and there are obtained good
results in model estimation and in the tuning of the PD and
PID controllers.

Cuvinte cheie: identificarea in bucla inchisa, control bazat pe
date, PD si PID regulator, modelarea matematicd, modele de
obiecte cu inertie si astatism.

Keywords: closed-loop identification, data driven control, PD
and PID controllers, mathematical modelling, second order
inertial systems with astatism.

I. INTRODUCTION

In the realm of control systems engineering, traditional
methods of tuning the proportional-integral-derivative
(PID) controllers often rely on mathematical models. The
mathematical models present the center of the design and
synthesis the controllers, and while these models work
well, when the underlying system dynamics are well un-
derstood and predictable, but they can give not so good
results for the case of complex, uncertain and nonlinear
systems [1]. This limitation has led to the emergence of
data-driven control, a novel and powerful approach that
leverages real-world data to develop control algorithms
and optimize system performance in real time of the sys-
tem operation [2-4].

Data-driven control refers to a control strategy that uti-
lizes data-driven modelling techniques to design control
algorithms and this strategy has gained popularity in re-
cent years due to its ability to handle complex and non-
linear systems, where the traditional control methods may
give not so good results. It is particularly useful when the
underlying physics of the system are not well understood
or when the system's behavior changes over time [16].

The applications of data-driven control span across var-
ious industries and fields. From the manufacturing pro-
cesses and robotics to autonomous vehicles, and this strat-
egy has shown promise in enhancing system performance,
reducing energy consumption, improving safety, and han-
dling complex environments.
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Key features of data-driven control include model iden-
tification based on data analysis, adaptive control mecha-
nisms that adjust in real-time the tuning parameters, and
the ability to optimize control strategies using historical
and real-time data. In this control strategy various identifi-
cation methods are used to approximate the dynamics of
the process with different transfer functions, where the
model identification supposes the approximation of the
process with mathematical model from observed in-
put/output data [S]. In the control systems the control ob-
ject model estimation can be realized by the two different
approaches: in the open-loop and in the closed-loop. In an
open-loop system identification, the control input is ap-
plied to the system, but the system's output is not used to
influence the control action. Essentially, the system oper-
ates without any feedback control. Open-loop identifica-
tion methods involves analyzing the system's response to
different inputs and disturbances and presents some sim-
ple assumptions where the process dynamics is approxi-
mated by the model of object with inertia first or second
order with, or without time delay.

Opposite to the open-loop identification, there are de-
veloped over 30 years the closed-loop identification meth-
ods, where the control input is adjusted based on the sys-
tem's output, creating a feedback loop. This allows to the
system to regulate itself and maintain desired perfor-
mance. Closed-loop identification takes into account the
interaction between the control action and the system's
response. In both open-loop and closed-loop model identi-
fication, the goal is to find a mathematical model that ac-
curately predicts how the system responds to inputs and
disturbances. These models can subsequently be used for
controller design, system analysis, or optimization [6-7].

The purpose of this paper, is to focus attention on the
data-driven control of the second order inertial systems
with astatism with, or without time delay. This supposes
the model identification in the closed-loop and algorithm
for synthesis the PD and PID controllers. The controllers
were proposed to be synthesized according to the maximal
stability degree method with iterations (MSDI), that offers
to the system high performance and good robustness.

II. DATA-DRIVEN CONTROL OF THE SECOND ORDER
INERTIAL SYSTEM WITH ASTATISM

A. Closed-Loop System Identification of the Second
Order Inertial Systems with Astatism

The data-driven control strategy involves deriving con-
trol actions directly from observed data and system behav-
ior, rather than relying solely on a pre-existing, fully
known mathematical model.
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Many industrial processes operate under feedback con-
trol. Due to unstable behavior of the control object, or
necessary of the safety of operation, experimental data
can be acquired only under closed-loop. Closed-loop
identification methods have been proposed by the Karl
Johan Astrom et al. (1970), Gustavsson et al. (1977),
Soderstrom and Stoica (1989), Lennart Ljung et al.
(1999), Tore Héagglund et al. (2000), Graham C. Goodwin
(2011), Sudhahar et al. (2020) [5-10]. The closed-loop
identification methods are oriented to solve the consisten-
cy problem of identification, considering the situation
that the control object and the disturbance signal are tak-
en into account in the identified model [11-15].

In the author paper [17], it was proposed an algorithm
for identification of the astatic system in the closed-loop,
where the transfer function that approximates the control
object is:

k k
- s(Tis +D)(T,s +1) - ays’ +a,s’ +ays’

H(s) M

where T1, T2 are time constants; k is transfer coefficient
of the system; a, =T,T,, a; =T} +7T,, a, =1.

The identification algorithm in the closed-loop consists
from the following steps:

1. Analysis of the process, that involves identifying
the key characteristics that define the nature of the sys-
tem.

2. Implementation of the feedback control system
with P controller.

3. Variation of the proportional tuning parameter
k, > 0, until the system achieves the limit of stability and
further determination the value of critical transfer coeffi-
cient k., and period of oscillations — T,.

4. Calculation of the natural frequency value accord-
ing to the relation:

2
a)n =
T

cr

@)

5. Calculation of the system transfer coefficient ac-
cording to the relation:

3

k=1im="- ;

where y, is the steady-state output value, v, 1S the ini-
tial value of the output response, u — input signal, ;. 1S
the initial value of the input signal.

6. Calculation the parameters’ values of the control
object (1):

a, = ! N

0 (()2’

al_k;zk; 4)
a)l'l

a, =1.
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B. Closed-Loop System Identification of the Second
Order Inertial Systems with Astatism and Time Delay

For the case of the astatic system with time delay, in
the author paper [17], it was proposed an algorithm for
system identification in the closed-loop, where the trans-
fer function that approximates the control object is fol-
lowing:

B ke™® _ ke ™®
s(Tis+1)(Ts+1)  ays’ +as’ +a,s

®)

>

H(s)

where T1, T2 are time constants; k is transfer coefficient
of the system; 7 - time delay; a, =715, a,=1,+7T,,
a,=1.

The identification algorithm of the astatic system with
time delay in the closed-loop is following:

1. Analysis of the process, that involves identifying
the key characteristics that define the nature of the sys-
tem.

2. Implementation of the feedback control system
with P controller.

3. Variation of the proportional tuning parameter
k, > 0, until the system achieves the limit of stability and
further determination the value of critical transfer coeffi-
cient k., and period of oscillations — T,.

4. From the undamped transient response of the
closed loop system determination the value of time delay
-T.

5. Calculation of the natural frequency value accord-
ing to the relation (2).

6. Calculation of the system transfer coefficient ac-
cording to the relation (3).

7. Calculation the parameters’ values of the control
object (5):

_ 40, - k. ksintw,

a, e ;
g (6)
_k,kcostw,
1 s
o,
a, =1.

C. Synthesis the PD Controller to the Model of Object
with Inertia Second Order and Astatism
It is considered that the control system is presented in
the Fig. 1 and it is formed from the controller with trans-
fer function A, (s) and control object (1).

#(?) e(?) u(r) W)

—»|  Hr(s) Hi(s) —T—>

Fig. 1. Structural scheme of the automatic control system.

The PD controller is described by the transfer
function [1]:

Hy(s)=k, +k,s, 7)
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where the tuning parameters of PD controller - &, k.

One of the tuning methods of the controllers is maxi-
mum stability degree (MSD) criterion [18] and according
to this criterion the value of stability degree is calculate by
the expression:

al
J=—
na,

(®)

where the #n is the order of the closed-loop characteristic
equation with respectively controller.

Next, utilizing the MSD method with iterations [19],
there are calculated expressions for tuning parameters of
the PD controller:

1
k,= p (a > —aJ’ +a,J)+k,J, ©

ky

(10)

1
= ;(—3%]2 +2a,J —a,),
where J is the stability degree of the system.

From the expression (8) is calculated the value of sys-
tem stability degree

J=
3a,
and according to this expression, the analytical expres-

sions for calculation the tuning parameters of the PD con-
troller (9)-(10) can be rewritten in the following way:

3
__ a4 (11)
P 27ka;
2
k, =4 =304, (12)
3ka,

According to the expressions for calculation the values
of control object’s parameters (4), the expressions (11)-
(12) can be rewritten as:

Kk
P (13)
27w}
272 A 2
k, = Rak” =30, (14)
ko

n

D. Synthesis the PID Controller to the Model of Object
with Inertia Second Order and Astatism

The control algorithm PID is described by the following
transfer function [1]:

k,
Hy(s)=k, +—+k,s, (15)
s
where the tuning parameters of PID controller - &, k;, kg.
The analytical expressions for calculation the tuning

parameters of the PID controller were obtained in con-
cordance with MSD method with iterations [19]:

1
kp :;(461()]3 _3‘11J2 +2a2‘])+2de’ (16)
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k, =

1
;(—aOJ“ +aJ’ —a,J?)—k,J? +k,J, (17)

1
k, = E(_ 6a,J” +3a,J —a, ) (18)
where J is the stability degree of the system.
From the expression (8) it is calculated the value of
system stability degree

J=
4a,

And in concordance with the value of stability degree,
the analytical expressions (16)-(18) can be rewritten as:

S (19)

” 16ka;
__a (20)

' 256kay”
k, = 3a; —8aya, Q1)

8ka,

According to the expressions for calculation the value
of control object’s parameters (4), the expressions (19)-
(21) can be rewritten as:

o=k (22)
" 16w;
_ ko (23)
To256 7
2712 2
i = 3kok 8o, (24)
d 2
kw

E. Synthesis the PID Controller to the Model of Object
with Inertia Second Order, Astatism and Time Delay

The control algorithm PID is described by the transfer
function (15) and the control object is described by the
transfer function (5). The analytical expressions for calcu-
lation the tuning parameters of the PID controller were
obtained in concordance with MSD method with itera-

tions [19]:
€7ﬂ 4 3 2
kp = T (—ta,J" +(wa, +4a,)J” —(a,r +3a,)J +(25)
+2a,J)+2k,J,
—o
e
k; = 7(—aOJ“ +a )’ —aJ?)—k,J? +k,J, (26)

—
k= 627(—72a0J4 +(z%a, +8m,)J’ —(%a, + 64,7 + 27

+12a,)J’ + (4a,7 +6a,)J —2a,)
where J is stability degree of the system.

F. Algorithm for Data Driven Control

According to the procedure of experimental identifica-
tion in the closed-loop of the astatic system with inertia
second order and analytical expressions for calculation
the tuning parameters, the algorithm for data-driven con-
trol of the astatic systems with inertia is following:
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1. P control algorithm establishment.
2. Achievement the undamped transient response by
the variation the proportional tuning parameter k, > 0.

3. Data extraction from step response as 7  k

crer?d

k,t
and calculation the value of natural frequency ¢, .

4. Model object chosen and parameter estimation by
the (4) or (6) expressions in dependency of time delay
presence.

5. Tuning the PD controller by the expressions (9)-
(10), or PID controller by the expression (18)-(20), or
(25)-(27).

III. APPLICATION AND COMPUTER SIMULATION

A. Closed-Loop System Identification and Control of the
Second Order Inertial Systems with Astatism
To verify the proposed algorithm, it is considered that
the control object is described by the following transfer
function:

2 2

= = _ (28)
s2s+DBs+1)  65° +55> +5

H(s)

Next, the control system with P controller was simulat-
ed and k, tuning parameter was varied until it was
achieved the system response presented in Fig. 2.

2L 4

Amplitude

25
Time (seconds)

Fig. 2. Undamped step response of the closed-loop system.

50

There are obtained the following parameters:
k=042, T, =15314s., o, = 0.4101.

Based on the expressions (4), there are calculated the
transfer function of the control object:

2
5.9459s5° +4.995% + 5

In the Fig. 3, it is presented the comparation between
original step response of the open loop system described
by the transfer function (28) — curve 1 and identified
transfer function (29) — curve 2.

From Fig. 3, it can be observed that the algorithm for
identification in the closed loop offers good estimation of
the mathematical model.

Next, to the identified transfer function (29), it is pro-
posed to tune the PD controller according to the (13)-(14)
expressions. In the Table I, there are presented the calcu-
lated values of the tuning parameters and it was done the
comparison with MSDI method, parametrical optimiza-
tion (PO) from MATLAB and genetic algorithm (GA).

H(s)= (29)
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In case of genetic algorithm, the fitness function was
designed based integral square error (GA1) and integrated
time absolute error (GA2).

100 T T =)

Amplitude

L L L L |
30 35 40 45 50

L I L I
20

.
25
Time (seconds)

Fig. 3. Comparation of the system step responses in the open loop.

TABLE L
SYSTEM PERFORMANCE AND TUNING PARAMETERS
OF THE PD CONTROLLER
No Method J k, ka ts t, c
1 | Proposed 0.065 0.199 222 222 -
Method
of Tun-
ing
2 MSDI 0.29 | 0.064 0.193 22.7 22.7
3 MSDI 0.36 | 0.049 0.147 32.1 32.1
4 PO 0.206 0.886 14.3 3.1 7.5
5 GAl 0.302 35.01 13.1 0.33 69
6 GA2 3.008 26.84 14.6 0.54 70

In Fig. 4, it is presented the step responses of the auto-
matic control system with PD controller.

T T T T T T

18} 1
161/ i
141

‘
12

Amplitude
o
o -

o
o

o o

SIS
K

I I I

. | . . \
25 30 35 40 45
Time (seconds)

o
Y

20 50

Fig. 4. Step response of the automatic control system with PD controller
tuned by: 1 — proposed method of tuning; 2 — MSDI method; 3 — MSDI;
4 — parametrical optimization from MATLAB; 5 — GA1 (fitness func-
tion ISE); 6 — GA2 (fitness function ITAE).

In case of using the genetic algorithm, there were ob-
tained oscillated transient responses with high overshoot
more than 20%.

Next, it was proposed to be tuned the PID controller to
the identified model of object (29) based on the analytical
expressions (22)-(24). The obtained results are presented
in the Table II and there was done the comparison with
MSDI method, parametrical optimization from MATLAB
and genetic algorithm, where fitness function was de-
signed based integral square error (GA1) and integrated
time absolute error (GA2). Tuning parameters of the PID
controller and system performance are presented in the
Table II.
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TABLE IL
SYSTEM PERFORMANCE AND TUNING PARAMETERS
OF THE PID CONTROLLER
No | Tuning |J kp k; ka ts t o
Method
1 Proposed 0.1 4.640 | 0.28 19.7 [11.5 (2.8
Method 5e-05
of Tuning
2 MSDI (0.2 0.10 | 0.005 | 0.27 43.1 8.2 |26
3 MSDI (0.28 | 0.07 | 0.001 |0.21 122 13.5 |8.4
4 PO 0.2 0.006 | 0.92 45 4 10
5 GAl 0.25 | 0.014 |18.17 18 0.48 |57
6 GA2 5.89 | 0.008 [67.62 |11.76 |0.32 |83

Amplitude

. | I I | L . | I
20 25 30 35 40 45
Time (seconds)

50

Fig. 5. Step response of the automatic control system with PID control-
ler tuned by: 1 — proposed method of tuning; 2 — MSDI method; 3 —
MSDI method; 4 — parametrical optimization from MATLAB; 5 — GA1
(fitness function ISE); 6 — GA2 (fitness function ITAE).

B. Closed-Loop System Identification and Control of the
Second Order Inertial Systems with Astatism and
Time Delay

It is given the control object described by the following
transfer function:

367105 367103

367105
9517 +731s +5

The comparation between original step response of the
open-loop system described by the transfer function (30)
(curve 1) and identified transfer function (31) (curve 2) is
presented in the Figure 7.

From Fig. 7, it can be concluded that the identification
algorithm in the closed-loop offers so good model estima-
tion.

Next, to the identified transfer function (31), it was
proposed to be tuned PID controller according to the
(25)-(27) expressions.

H(s) (31

600 -

500 -

400

Amplitude
w
8
T

I | I L

I I 1 | I
100 120 140 160 180
Time (seconds)

80

Fig. 7. Comparation of the system step responses in the open loop.

The obtained results are presented in the Table III and
there was done the comparison with parametrical optimi-
zation (PO) from MATLAB. The genetic algorithm did
not give the satisfactory results for the case of tuning the
PID controller.

200

H(s)

(30)

T s(Bs+D)(2s+1) 105 +75 45

According to the identification algorithm, the control
system with P controller was simulated and k, tuning
parameter was varied until it was achieved the system
response presented in Fig. 6.

Amplitude

05} / \ / ‘\\ / \

100 120 140 160 180 200

Time (seconds)

Fig. 6. Undamped step response of the closed-loop system.

Based on the step response presented in the Figure 6,
there are obtained:

k. =0.0355, T, =67.418 s., 7=10 5., », = 0.0932.

Based on the expressions (6), there are calculated the
transfer function of the control object:

TABLE III.
SYSTEM PERFORMANCE AND TUNING PARAMETERS
OF THE PID CONTROLLER
No Tuning J k, k; kq ts t o
Method
1 MSDI 0.08 | 0.016 | 0.00026 | 0.09 | 141 | 15 | 39
2 MSDI 0.1 | 0.015 0.0002 0.08 | 176 | 17 | 32
3 PO 0.016 | 7.9136e- | 0.11 | 351 | 17 | 12
05

In the Figure 8, it is presented the computer simulation
of the control system with PID controller tuned by the
MSDI method — curve 1 and curve 2, parametrical optimi-
zation — curve 3.

Amplitude

I . I .
200 250 300 350 400
Time (seconds)

0 50 100 150
Fig. 8. Step response of the automatic control system with PID control-
ler tuned by: 1 — MSDI method; 2 — MSDI method; 3 — parametrical
optimization from MATLAB.

80
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IV. CONCLUSIONS

Traditional control methods and algorithms often de-
pend on accurate mathematical models to design control-
lers, data-driven approaches leverage the availability of
data to achieve control objectives. This paper introduced
a new algorithm for data-driven system identification and
control of the second order inertial systems with astatism
and with, or without time delay. The algorithm's founda-
tion lies in a stepwise approach, commencing with system
identification, that is performed within a closed-loop,
leveraging the undamped step response of the system and
based on the parameters, that are obtained from the un-
damped step response, there are calculated the mathemat-
ical model that approximates the inertial system with
astatism.

Next according to data-driven control algorithm, there
are proposed simple analytical expressions for calculation
the tuning parameters of the PD and PID controllers. The
expressions for tuning the PD and PID controllers were
obtained based on the MSD method with iterations. The
closed-loop identification and synthesis methods was
verified by computer simulation and the obtained results
were compared with parametrical optimization from
MATLAB and genetic algorithm. The proposed proce-
dure of data driven control of second order inertial sys-
tems with astatism can be implemented as auto-tuning
method of the PD or PID controller and offers to the con-
trol system so good performance and high robustness.
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Abstract - The development of geolocation systems(
geostationary satellite networks), as well as devices capable
of receiving signals and processing the data coming from
them, makes possible the implementation of location
monitoring systems for various purposes. Whether it's
about security or optimizing travel times or routes, these
systems are based on information in the form of global
coordinates (latitude and longitude) from satellite systems
or cell towers. The design of such a system is presented in
this paper, being a good guide in the design and
implementation of such a system, regardless of the
application. Both, the hardware part (the designed
equipment) and the software part (the backend component
running on a virtual private server, as well as a mobile
application) are presented in this paper. In the development
of the system, was used only location provided by
information from satellites, without using GSM cell signals.
The entire system has been successfully tested in different
GSM signal conditions as well as various locations to see the
influence of environmental parameters on performance. The
system described in the paper can be the starting point for
the development of other systems for a variety of
applications that require the management of the location of
some devices.

Cuvinte cheie: geolocatie, microcontroller, sateliti,
framework, full-stack.
Keywords:  geolocation,  microcontroller,  satellites

framework, full-stack.

I.INTRODUCTION

As is known, positioning systems use networks of
geostationary satellites that emit signals to the Earth's
surface where they are received by the equipment that can
process them. Currently, four global positioning systems
are fully operational: the U.S. Navigation Signal Timing
and Ranging (NAVSTAR) GPS, Russia's Global
Navigation Satellite System (GLONASS), the EU's
system named Galileo, and China's Bei Dou Navigation
Satellite System. Japan and India are also well on their
way with their regional systems, the Quasi-Zenith Satellite
System (QZSS) and the Indian Regional Navigation
Satellite System (IRNSS), respectively[1].

The most popular and widely used are the GPS and
GLONASS systems. They emit signals that ensure
positioning accuracy of a few meters for the general
public, but also commercial signals for positioning with an
error of only a few centimeters.

To receive signals from satellites, are used electronic
devices consisting of an electronic control unit equipped
with a dedicated antenna.
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A GPS or GNSS antenna is a device designed to receive
and amplify the radio signals transmitted on specific
frequencies by satellites and convert them to an electronic
signal for use by a receiver.

This receiver is represented by a dedicated electronic
device with an integrated microprocessor that most of the
time has a built-in component that ensures the connection
to a mobile phone network and can be configured through
a set of AT commands.

The picture below presents a board equipped with that
kind of unit from Simcom(China) and a GPS active
antenna.

Fig.1 The GPS module with a dedicated antenna

II.THE SYSTEM’S ARCHITECTURE

The role of this system is to connect a two-wheeled
electric vehicle to the Internet network through which to
transmit a series of data (location, battery level), as well as
to receive various commands (software update for
controllers, on/off, or lock commands).

GSM-GPRS | Mabile
Controller ' : App
"r Y
Internet
A
e-Scooter S » APl
Controller Server

Fig.2 The block diagram of the entire system
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To realize these tasks, the system is composed of
several hardware and software components. The block
diagram of the entire system is shown in the following
figure.

The GSM-GPS Controller is a dedicated controller
designed for the acquisition of the location and the
Internet connection is plugged into a serial communication
port to the vehicle controller which runs a firmware that is
specially modified for this application.

The mobile application, which will be described later,
allows viewing the data sent by this controller, as well as
interacting with it.

The API server is represented by a software package
developed in PHP and JavaScript run by Apache2 under
Debian Linux on a VPS(virtual private server).

Next, the structure and operation mode of all these
components will be presented.

III.LHARDWARE DESCRIPTION

A. The GSM-GPS Controller

That controller(fig.3) is designed around of
PIC18F45K22 microcontroller from Microchip. This
microcontroller fulfills several distinct tasks:

initializes and communicates with the Simcom
SIM868 GPS-GPRS module,

processes the data coming from it

ensures serial communication with the vehicle's
main controller.

Battery

Connector FLELLE
" T
|
|
Lo
¥
<« 1_,— GPS Antenna
Microcontroller
PICISFasK2 €| SIMe6s
- <_|— GPRS Antenna
ISP Connector
v
SIMCARD
Holder

Fig.3 The GSM-GPS Controller Schematic

The microcontroller is a high-performance 16-bits
RISC CPU. Its main features are:

e A C Compiler Optimized Architecture;
Up to 1024 Bytes Data EEPROM,;

Up to 64 Kbytes Linear Program Memory
Addressing;

Up to 1024 Bytes Data EEPROM,;

Up to 16 MIPS Operations;

e 16-bit Wide Instructions, 8-bit Wide Data Path
e  Priority Levels for Interrupts
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Two serial ports of the microcontroller are used to
communicate simultaneously with the SIM868 as well as
with the main controller of the scooter (located in the
scooter’s display element).

All the code run by PIC18F45K22 was written in C
language and compiled with the CCS Compiler.

SIM868 module is the complete Quad-Band
GSM/GPRS  module  which combines  GNSS(
GPS/GLONASS/BDS) technology for satellite navigation.
It has strong extension capability with interfaces including
UART, USB 2.0, and GPIO[2].

Designed for a global market, SIM868 is integrated
with a high-performance GSM/GPRS engine and a GNSS
engine.

»:
SHHRR K EA MK HH KRR

TMET KRR RN R EE

[=]
o

Wi 'sT

[=];
[=]%3

S2=HHNKHE

17.6mm 2.3mm

Fig.4 SIM868’s dimensions

It has low power consumption, embedded TCP/UDP
protocols, and multi-constellation GNSS receiver support:
GPS, GLONASS, and Bei Dou.

This module can also be used to find the location using
the intensity of the GSM signals coming from the cell
towers. Also, using the capabilities to make calls and send
SMS, a set of short messages can be designed to configure
certain system parameters. However, there is a limitation,
namely that, when the GPRS connection to the Internet is
initiated, the voice and SMS services cannot be used.

The only limitation of this model is that it cannot
operate in 4G and 5G networks. For these networks, it can
be successfully replaced by the Simcom SIM7070G
model.

The entire operation of the SIM868 is controlled
through AT commands.

The "AT" or "at" or “aT” or “At” prefix must be set at
the beginning of each Command line. To terminate a
Command line enter <CR>.

Commands are usually followed by a response that
includes "<CR><LF><response><CR><LF>".

Communication between the microcontroller and
SIM868 is done using a master-slave protocol through AT
commands at a transfer rate of 115200 bps. The response
time to AT orders is of the order of tens of milliseconds.

Both the microcontroller and the GSM-GPS module
require a supply voltage of 3.3V. Since the energy source
is the scooter's battery, whose voltage is between 36V and
48V, a buck DC to DC Converter was used.

The XL7005a model was chosen, due to its capabilities.
It has the following features [3]:

e Maximum Input Voltage 100V
e Output Adjustable from 1.25V to 20V
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e Maximum 0.4A Output Current

L1 100H/1A
YL,

VIN sw

1 2 *

R2
30K
1%

CFF
33nF

XL7005A 01
T~ SR2100AF
CIN
33uF/100V

VouT=

R
1.25(1+
VIN ( R?

20V~80V

|
T

4

E’q

GN cout

100uF
/35V

R1
2.7
1%

~

Fig.5 XL7005A usage diagram
For radio communication, as shown in Figure 3, two
antennas are needed: one for GSM communication and
one for receiving GPS signals.

Fig.6 The GPS and GPRS antennas

The GPS antenna has a working frequency of 1575.42 +
2.0 MHz with a bandwidth of 10 MHz and a gain of 1 dB.
The impedance is 50 ohms, and the supply voltage is 3V.

The GPRS antenna is a 3DBI GSM/GPRS/3G PCB
Antenna with IPEX13 Connector.

It has an impedance of 50 ohms, a gain of 3dB, and can
operate in the frequency range 824M-960MHz 1710M-
1990MHz.

IV. SOFTWARE
The software package contains 4 components:

e the software for the microcontroller on the board
with the GPS receiver;

o the server’s software for the backend part;

e the administrator software for the frontend
accessible from the browser,
e the smartphone application for scooter user.
The microcontroller software is responsible for
operating the GPS-GPRS module.

It was developed in the C++ language, using the CCS
compiler, the transfer to the microcontroller being done
with the help of the PicKit3 programmer.

This software follows the diagram in the following
image 7. All the code has been structured in reusable
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blocks and parameterized for possible future development
or improvement.

After initializing the hardware resources of the
microcontroller  (clocks, digital ~ ports, serial
communication), the code runs a series of routines that
ensure the connection, maintenance, and interruption of
the connection to the GSM network and the mobile data
connection, receiving data from satellites, filtering them
for elimination altered data, Internet communication with
the system server.

|
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|
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Initialization — itz —>» GPS Initialization

v

successiully
initiated

y

Mo

——» Server connection €—yeas—
.

connected

—No

Yes—l

location acquisition

!

waiting for answer €——package transmission «—— package composition

v

receiving the
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Mo

L

sending data to main

answer processing ——»
P g controlier

Fig. 7 The microcontroller software diagram

The first part of the program initializes the module,
which consists of the following steps(for each step the AT
commands used will be specified):

e checking if the module responds to AT
commands (AT),

e checking the connectivity of the SIM card and
the availability of the GSM network
(AT+CGREG?),

e setting the APN (AT+CSTT="APN"),

e configuring the server's IP address and

communication port (AT+CIICR, AT+CIFSR,
AT+CIPSTART="TCP","server address","port")

e starting the GPS module (AT +CGNSPWR=1),

e setting the format in which to transmit the
positioning data (AT+CGNSSEQ="RMC(C").

The data provided by the GPS module follows the
NMEA GPRMC format and it is obtained by command:
AT+CGNSINF.



Annals of the University of Craiova, Electrical Engineering series, No. 47, Issue 1, 2023; ISSN 1842-4805 elSSN 2971-9852

The GPRMC sentences are the most common sentences
transmitted by the Global Positioning System (GPS)
devices.

That data contains UTC time, positioning
status(effective positioning or invalid positioning),
latitude, latitude hemisphere, longitude, longitude

hemisphere, ground speed, ground heading, UTC date,
magnetic declination, magnetic declination direction,
mode indication(autonomous positioning, differential,
estimation, invalid data)[4].

The NMEA format for longitude and latitude is
(d)ddmm.mmmm. In order to use the data on the Google
Maps map, it is necessary to convert these data into
decimal degrees.

To get to decimal degrees from degrees and minutes,
we can use the following formula:

(d)dd + (mm.mmmm/60) (* -1 for W and S) (1)

Based on these transformations, Haversine's formula
[5][6] is used to calculate the ground distance between
two coordinate points.

a=sin?((Alat)/2)+cos(latl).cos(lat2).sin?((Alon)/2)  (2)
¢ = 2.atan2(Va, V(1-a)) 3)
d=Rc 4

where,
Alat = latl-lat2
Alon=lonl-lon2

R is radius of earth i.e 6371 KM or 3961 miles and d is
the distance computed between two points.

distanceInM (latl,

Fig.8 The code sequence for calculating the distance based on the GPS
coordinates of two points

The API server runs a software package under Linux
Debian distribution on a VPS. A virtual private server was
created at DigitalOcean in the San Francisco datacenter to
test the performance of the system when the
communication is over long distances.

This software package is developed in Php and
JavaScript using Laravel framework served by Apache2
web server and MySQL database server. All APIs served
by this are authenticated with tokens and protected by
Laravel Passport module.

It has two components: one responsible for receiving
and storing messages from the devices located on the
vehicles and providing them with the commands that must
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be executed (On, Off, Lock), as well as one that performs
the entire authentication part, processing the data stored in
MySQL database.

The first component uses web socket technology that
makes it possible to open a two-way interactive
communication session between the scooter and the
server. The way this part works is described in the
following image.

Initialization

|

Listening port €——
e extract data
No— pack gd Yes>» save data into
{gcelve database
push the answer
Fig.9 Websocket package

Data processing is done with the aim of providing the
user with information about the position, the route
traveled, and the condition of the vehicle.
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Various operations can be performed in the

administration interface available in the browser, such as:
the positions of the scooters can be viewed in real time,
their routes can be viewed in a selected time range, user
administration and the allocation of scooters, viewing their

status.
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The mobile application for smart devices was
developed using JavaScript language and React-Native
framework, which allowed the creation of a version for
Android devices as well as for iOS using the same base
code.

To run, the application requires at least iOS 13.0 or
Android 8. Its role is to allow the user to interact with the
system and implicitly with the equipment[7].

System status

System status Total drivers Total scooters

ON 9 2

Scooters

Last time refresh: 2023-11-17 09:30:26

D Last update
RO001 2023-10-10 10:26:13
RO075 2023-11-15 15:06:35

(38 days, 0 hours and 4 minutes ago)
(1 day, 18 hours and 23 minutes ago)

NN ON W OFF

Fig.12 System status dashboard

Send message to:

Florinel (f75dev
Message

Please, return the scooter as fast as possible! Thank you!

Fig.13 Sending messages from the admin panel via OneSignal

The application needs permission to access the location
of the device, as well as to receive notifications. The
system has implemented the possibility of sending push
notifications using the OneSignal platform.

The application allows the following operations:

e the authentication procedure(Accounts are
created by the system administrator in the
backend and approved after confirming the email
address, but the account creation from the
application can be easily implemented),

e viewing the position of the equipment as well as
that of the user on the map,

e the state of the vehicle,

e the analysis of the distances covered,
e the time of use,

e the history of trips on the map.

The act of pressing the start button will lead to starting
the vehicle, and it can be used. The interface also offers a

button with which the scooter can be locked. Through this
blocking, the scooter will not be able to be used by other
people because its wheel will be blocked (the BLDC
motor will instantly enter dynamic braking mode), and
when the wheel is moved the horn will sound an alarm
and the brake light will also flash very fast[8].

Also, the interface allows searching and identifying the
scooter when it is not visible, by triggering the horn that
will emit three short sounds.
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Fig.14 The main user interface of the mobile app

In the upper right part of the mobile application
interface, the scooter's battery level can be monitored in
real-time.

On the map in the application, you can see both the
position of the scooter (black marker) and the position and
orientation of the user (blue marker).

Also, in the upper part, there is a button that allows
access to a menu through which the online account can be
accessed, a history can be viewed as well as statistics
related to the duration and distance of trips.
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All statistics calculations are done in the backend to
reduce the processing effort of the application and to

provide a better user experience.

12:01

Starting from the described system, it can be developed
and used in a variety of applications that require the
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Fig.15 Viewing statistics and travel history

V.CONCLUSIONS

location management of some devices.

This system can be used to monitor fleets of electric
scooters or bicycles, cars, boats, and industrial equipment.
During system testing, the designed hardware proved to be
very reliable, providing stable connectivity even in
conditions with weak GSM signal, as well as location

information with small errors.
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Abstract - In order to efficiently and practically solve the
problem of analyzing the performance of the SCADA (Su-
pervisory Control and Data Acquisition) system of the pow-
er grid, this paper proposes to reconfigure the graphical
user interface (GUI) in the substation, as well as to remap
the signals according to the hardware structure used. After
replacing the hardware solution with PLC and software for
protocol conversion installed on the local HMI with a spe-
cialized remote terminal unit for data storage and protocol
conversion in the substations, it is important to adapt the
graphical user interface of the SCADA system according to
the latest hardware configuration. This is necessary for the
stability and reliability of the SCADA system. In the last
part of the paper, the configuration of the graphical user
interface of a SCADA system and the remapping of the sig-
nals in the specialized software in an electrical substation in
Romania is presented and highlighted through screenshots.

Cuvinte cheie: SCADA, interfata utilizator, automat progra-
mabil, , statie electrica, flux de date

Keywords: SCADA, Graphical User Interface (GUI), Pro-
grammable Logic Controller (PLC), electrical substation, data

Sflow.

I.  INTRODUCTION

The fundamental objective of most integrated monitor-
ing and control systems for installations, networks, or
power systems is to provide users with adequate infor-
mation and facilities for monitoring and control. The aim
is to enable the safe, secure, and economical operation of
the specific power system. These systems are commonly
known as Supervisory Control and Data Acquisition
(SCADA) systems, as shown in Figure 1.

The most basic SCADA system is a two-tiered master-
slave configuration. It involves a primary coordinating
master computer with interfaces for user dialogue and data
transmission, alongside a subordinate Remote Terminal
Unit (RTU) process computer. The RTU is equipped with
interfaces for both analogue and digital inputs and outputs,
as well as a communications interface. These systems fall
into the category of small-scale and are not frequently
employed in the monitoring and control of power systems.

In [1], the authors present a brief overview of distribu-
tion system automation. Current implementation philoso-
phies and current challenges in distribution system auto-
mation are discussed. In [2], a solution for the design of
the GUI for a SCADA system on an industrial platform is
proposed. The production and use of electricity from clas-
sical or renewable energy sources can no longer be con-
ceived without the automation of the technological pro-
cess.
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Several projects of distribution and transmission sta-
tions that combine SCADA and Protection & Control
(P&C) are reviewed in [3]. There are considerations on
the analog input, digital status and control. Aspects of
discrete and analog I/O operation within a substation for
the SCADA system are also reviewed, considering the
flexibility and maintenance benefits offered.

Owing to the intricate nature of processes in power en-
gineering, it becomes imperative to employ multiple pro-
cess computers distributed across various hierarchical
levels. This results in the establishment of a hierarchical
monitoring and control system, allowing for distributed
control of the process in a hierarchical framework, as out-
lined in references [4], [5], [6].

IL.

Programmable Logic Controllers (PLCs) are equipment
designed for automatic monitoring and control of industri-
al processes. They are part of distributed monitoring and
control systems and are real-time control systems.

PLCs perform two main tasks, concerning the monitor-
ing and automation of a process, as illustrated in Fig. 2:
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Fig. 1 A typical SCADA system architecture.
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e acquisition, which involves monitoring the state of
the process by acquiring via sensors, buttons, limit
switches, the state variables in the process;

e control, which consists of processing the
information received and generating the necessary
commands to the execution elements of the
automated process according to a specific
software.

From a structural point of view, the following can be
distinguished:

e PLCs with an open structure in the form of a
printed circuit board without a housing - these are
very cheap variants, but the number of inputs and
outputs is limited and there is no possibility of
adding extension modules;

e PLCs with a monobloc structure in a closed
housing - these have all the components grouped
together in a housing, the dimensions of which
depend on the number of input and output
terminals, and allow the connection of extension
modules, which have a separate housing and are
connected by means of connecting cables;

e PLCs with a modular structure with a large number
of inputs and output, a multitude of control
possibilities and consequently a large number of
available extension models, presented in Fig 3.

The hardware of a PLC consists of a microprocessor (or
microcontroller) based central processing unit (CPU), a
memory, input modules (for signals coming from the
transducers and the operator), output modules (through
which commands are transmitted to the execution ele-
ments and signals to the operator) and serial/parallel inter-
faces for connecting the PLC with programming devices,
PC computers or other PLCs [7], [8], [9], [10].

The operation of the programmable controller is based
on the repeated execution of the program written in its
memory.

Each program execution cycle consists of 3 steps:

QT
T

Fig. 3. PLC in the SCADA panel.
e reading inputs;

e execution of the program instructions; The PLC executes the program from the first line to the

e updating outputs.
The duration of such a cycle depends both on the speed
of the processor with which the PLC is equipped and on
the length of the user's program.

I
Data- Programmable-
Acquisition? Logic-Controller|
Process-
status-
information-
received:-
fromSensors,- Controlf
buttons,-
limiters. Commands-
sent-to-
Frocessy execution-
elementsY

Fig. 2 Block diagram of a monitoring and automation system
using a PLC.
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last and then repeats this cycle which is carried out in 3
steps:

e Reading the inputs: the PLC scans each input in
order to determine the ON or OFF status of the
sensors or switches connected to the inputs,
whether they are activated or not; the information
collected during this step is stored in the memory
to be used in the next step;

e Program execution: the PLC executes the program
instructions sequentially (instruction by
instruction), and, as a result, one or more outputs
may be activated, or information may be stored in
specific areas in memory, to be used in the next
step;

e Update outputs: the PLC checks the states of the
outputs and modifies them if necessary and the
changes are based on the states of the inputs read
during the first step and the results of the second
step program execution.

After the execution of the third step, the programmable
logic controller resumes the program cycle.
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IIL

In order to meet the performance requirements of the
system user, the RTU equipment must fulfill several re-
quirements.

REMOTE TERMINAL UNIT

A. Remote Terminal Unit Equipment Design

In the control center of each substation, the system con-
tains at least one RTU, which "interrogates" all the termi-
nals in the substation, acting as a data concentrator, a real-
time data server, and a communication server to the higher
hierarchy level providing the interface to a graphical con-
sole for the operator.

The RTU has an open, distributed processing architec-
ture with the following main features:

e low power consumption, able to work in a high
voltage electrical installation, having a robust
physical construction with immunity to the
electrical noise;

e modular construction (Fig. 4 and Fig. 5); the
failure of one module shall not affect the operation
of the other modules, and the replacement of any
module shall be carried out without disturbing the
overall operation of the RTU equipment;

e be provided with serial ports for interfacing with
electronic meters, digital relays, programmable
logic controllers;

e communication with other SCADA-Master
Stations using different communication protocols;
microprocessor-based construction;
after powering up the unit, it must be designed to
operate without manual intervention; in addition, it
must restart automatically and be able to
communicate with the higher hierarchical level
(Master Station) without affecting its operation,
and the existence of appropriate indicators, such as
LEDs, must provide staff with correct information
to easily determine the status of the RTU;

e the Master Unit shall monitor the operation of the
RTU with the possibility of diagnosing errors
concerning overflow of memory capacity, local
software operation, status of communication ports,
status of input/output modules;

e to enable fault detection, there will be a separate
list of events and each event will be identified with
the ID number, event type, time of occurrence;
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the RTU will allow storage of up to 2000 events;
the RTU will be equipped with an internal real-
time clock, with a resolution of one millisecond,
synchronized via communication protocol by the
master, for the list of events to be accompanied by
the time stamp;

e the data associated with each event will be stored
in the RTU for later transmission;

e within the RTU, events will be reported at certain
time intervals with a time accuracy of +/- 1ms;
input/output (I/0) modules;

I/O modules will be intelligent modules containing
microprocessors, and will be configured as slaves
to the RTU mainframe module;

e inputs will be scanned at least every millisecond by
the digital input module;

o there will be software filtering of parasitic pulses
or some other method of reducing false alarms
caused by devices that change state fairly quickly
and for which it is not necessary to report this
change of state every time;

e the RTU will be able to support point change de-
tection of analogue and numerical magnitude high-
lights;

o the RTU shall not lose fast status changes, there-
fore status changes shall be determined by the
RTU and stored until they can be transmitted to the
next higher level (SCADA-Master Station).

Each RTU will have multiple communication ports (at
least 8 communication ports. 7 ports will support commu-
nications with other equipment: electronic counters, mi-
croprocessor relays, sub-RTUs, and the 8th port will be a
dedicated maintenance port: an RS-232 or RS-485 serial
port that must provide connection to a local PC for diag-
nostics and configuration).

Each communication port will be selectable for opera-
tion in the (300...19,200) bps range.
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RTU shall be able to communicate with another RTU at
the same level or higher (SCADA-Master Station); each
Master Station may use different communication proto-
cols and transmission rates, which are in agreement with
IEC 61850 and IEC 60870-104 standards [11], [12].

B. Internal Data Flow

The basis for remote terminal unit is a modular, open,
and thus non-technology-dependent system architecture
for processing, communication, and peripherals (single-
processor system, firmware).

The adaptation to the specific needs of the application is
accomplished by relying on an individual hardware con-
figuration and by loading standard firmware and parame-
ters. Within their defined limits, the parameters thereby
not only influence the behavior of the firmware functions,
but also that of the hardware functions. As a result, me-
chanical parameterizations such as the changing of jump-
ers or loads are no longer necessary on any of the module
types. This permits not only online reconfiguration but
also the gapless documentation of set parameters by the
engineering system, as well as simplified inventory man-
agement.

Due to the different requirements in terms of function-
ality, also different data flow concepts are produced and
can be illustrated by means of Fig. 6.

For telecontrol tasks and the distribution of user data in
networked plants, the use of spontaneous transmission
proves advantageous for optimizing the utilization in
many cases limited communication bandwidth. This helps
to avoid constant burdening of the data sinks with unnec-
essary data.

For the implementation of a freely definable open-
/closed-loop control function, a deterministic guaranteed
reaction time is needed. This is achieved by using the con-
sistently periodic concept with regard to data acquisition,
execution of functions, and data transfer, regardless of the
number of changing signals [13].
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IV. GRAPHICAL USER INTERFACE CONFIGURATION

The Zenon Energy Edition software platform is the
foundation of the application used in the analysis of an
electricity substation in Romania, providing facilities spe-
cifically designed to simplify the processes of (GUI) con-
figuration and signal remapping. The objective of this
platform is to efficiently configure and diagnose automa-
tion systems at the level of an electrical substation.

Figures 7, 8 and 9 show how to configure the signals in
the RTU, remapping the signals in the GUI development
application according to the list of signals implemented in
the RTU. Fig. 10 shows a screenshot of the feeder during
real-time tests.

The software platform has two ways of working:

. development - mode of work used when design-
ing an application; the user has the possibility to create or
modify files in the project, accessing available resources
and configuring them through the specific properties of
each type of object;

. runtime - mode used when running the program;
the user has the possibility to view the data taken from the
process and to enter the commands that were left available
in the design phase [14].

The software works around a central core represented
by the real-time database containing all the tags needed to
run the program, a simple operating interface for the
SCADA solution. The Communications Module is used to
transfer information to and from the Real-Time Database
from all devices connected to the network. To do this, the
Communications Module uses a set of communication

drivers that allow it to:
e connecting via network to a Client Server.

e connect to PLCs over Modbus;

- LAN Serial
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A
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Fig. 6 RTU process diagram.
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The main feature of the program is to provide a number
of powerful resources and tools (object libraries, symbol
libraries, communication drivers, real-time databases, etc.)
that make it easier to design and build an application [15].

The projects realized through the Zenon software plat-
form are made up of a series of component groups (known
as Project Resources) such as the Real-Time Data Base
(DB Real Data Base), Data Records, Raptors, Alarms, etc.
All these component groups are displayed in a tree-like
structure in the main "Project Manager" window of the
application.

V. CONCLUSIONS

This paper shows that by configuring the GUI and
mapping the signals according to the hardware structure of
the SCADA system, dedicated to these SCADA applica-
tions, there are many advantages.

By means of a case study in an electrical substation in
Romania, the configuration of the GUI is illustrated, as
well as the correct operation in real time.

The software application at the central monitoring level
communicates wirelessly (GSM/GPRS) with the local
acquisition and control system as well as with other moni-
toring systems.
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Abstract - Increasing the efficiency of photovoltaic panels
using solar tracking systems is a current topic. The use of
solar tracking systems is a solution, especially in low power
applications. The paper presents two types of solar tracking
systems, one based on astronomical data, and the other
based on tracking the point of maximum illumination. Both
systems are made on small scale for educational purposes.
These systems can be used for the analysis of methods, prin-
ciples and particularities in order to use them in practical
applications. For the two experimental models of solar
tracking made, the hardware and software structure are
presented. To orient the photovoltaic panels in the two di-
rections (East-West, respectively South-North) DC motors
or stepper motors are used. One motor is used for each axis
of rotation. Both structures have the control part composed
of a microcontroller development system. This control
method has the advantage that can significantly reduce the
number of electronic components as well as the cost of de-
signing and building of equipment. For the solar tracking
system based on astronomical data, a remote monitoring
and control system has been achieved. It uses a friendly
graphic interface made on PC with the help of Visual Basic
software. Both models were tested and the experimental
results showed correct operation according to the imposed
protocol. Finally, an energy efficiency analysis was done and
it was found that the PV panel that uses the tracking sys-
tems produces 35% more energy compared to a fixed PV
panel.

Cuvinte cheie: sistem de orientare solar, panou fotovoltaic,
microcontroler, instruire, eficientd energetica.

Keywords: solar tracking system, photovoltaic panel, micro-
controller, training, energy efficiency.

I. INTRODUCTION

In recent years, the evolution of photovoltaic systems
has registered an increasing trend in the context of the
energy crisis and environmental protection considerations.
This upward evolution also requires a specialized and
qualified human resource in the field.

Since photovoltaic (PV) panels have a rather low yield
(max. 30%, in laboratory conditions), their energy optimi-
zation is aimed at. An accessible method of optimizing
solar energy conversion with real implementation possi-
bilities is the use of orientation systems.

Specialized literature shows that the use of solar track-

ing systems increases the amount of energy produced by
conversion by 20% to 40% [1].

Ideally, a PV panel should follow the Sun so that the
incident rays fall perpendicular to its surface, thus maxim-
izing the capture of solar energy and therefore maximum
output power [1], [2].
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Practically, passive and active solar systems are distin-
guished [3], [4]. Passive tracking systems follow the Sun
in the absence of a drive motor and are frequently used in
equatorial areas because they have a single-axis tracking
structure that allows maximum efficiency to be achieved
only in those [5], [6], [7] .

Active solar tracking systems use servo motors to move
the PV panels. There are two distinct modes of active
tracking of the PV panels [4], [6], [8]: along a single axis
of rotation and along two perpendicular axes of rotation
(biaxial).

The paper presents two types of biaxial active solar
tracking systems made on a small scale for educational
purposes, based on different tracking methods. The first
solar tracking system uses the astronomical data method,
and the second one uses the maximum light point method.
Both systems use tracking programs implemented in con-
trol structures with microcontrollers.

II. SMALL SCALE MODEL OF SOLAR TRACKING SYSTEM
BASED ON ASTRONOMICAL DATA

A. Elements of celestial geometry for the positioning of
the PV panel

In order to understand the essence of the calculations,
some notions from astronomy are used, in particular, the
analytical relationships that describe the apparent motion
of the Sun on the sky [9].

It is known that the Earth carries out a complete rota-
tion movement during a year, around the Sun in an ellipti-
cal orbit and a complete rotation movement around its
own axis during 24 hours. The rotation axis of the Earth
has a fixed direction in space and is inclined with the an-
gle 50=23.4° to the perpendicular to the plane of the orbit
(Fig. 1). The angle between the direction to the Sun and
the equatorial plane, J, is named declination and varies
throughout the year from +23.4° at the time of the summer
solstice (June 21) to -23.4° - at the time of the winter sol-
stice (December 21).

Spring Equinox

Fig. 1. Earth's orbit and declination angle, 3 [7].
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On March 21, respectively - September 21, the declina-
tion 6=0 and the durations of day and night are equal.

Declination can be calculated with Cooper's formula

[1]:

(M

5:BASsm@ﬁV2M+nj

365

where n — is the number of the day of the year, the first
day being January 1.

The geometric relations between a plane arbitrarily ori-
ented with respect to the horizontal and the direct solar
radiation that falls on this plane at any instant of time, the
position of the sun with respect to this plane can be de-
scribed in terms of several angles [9].

Latitude, o, - is the angle measured from the equator to
the point of interest on the earth's surface, is considered
positive for the northern hemisphere and negative - for the
southern one.

The angle of inclination of the PV panel B, - is the angle
between the plane of the surface in question and the hori-
zontal surface; 0°<B<180° (Fig. 2). For usual solar instal-
lations, the maximum value does not exceed 90°.

5 Zemt
i !
% 5

N

Fig. 2. Explanatory regarding the characteristic angles [9].

The azimuthal angle, v, - is the angle between the pro-
jection on the horizontal plane of the perpendicular on the
surface of the plane in question and the local meridian
(fig. 3); is equal to zero for the plane in question oriented
to the south, negative - to the east, positive - to the west; -
180=<y<180.

The angle of elevation of the sun, as, - is the angle be-
tween the horizon line and the line connecting the sun to
the point of interest, therefore, it is the incident solar ray at
the point of interest (Fig. 2).

The zenith angle, 0z, - is the angle between the vertical
and the line connecting the sun to the point of interest, in
other words, it is the angle complementary to the angle as
(Fig. 2).

The hour angle, o, - determines the position of the sun
on the sky at the given moment. It is equal to zero when
the sun crosses the local meridian, in other words at noon,
positive to the east and negative — to the west (Fig. 3).
Respectively, ws corresponds to the angle of sunrise, and
(- ®s), the angle of sunset.
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Local
meridian

Fig. 3 Explanatory regarding the hourly angle o, sunrise, ®s and sunset
(-os) of the sun [9].

It is obvious that in one hour the sun crosses the sky at
an angle equal to 15° and its position at any hour T is
determined with the expression:

w=15-(12-T) )

If we know the angles 9, ¢ and o, then it is easy to de-
termine the position of the sun on the sky at the point of
interest for any hour and any day, using the expressions

[9]:

sin a = sin J'sin @ + cos J cos ¢ cos @ = cos HZ 3)

sinagsing-sind

COSy: =
LE COSE 005D

“4)

Two 5V stepper motors will be used to orient the pho-
tovoltaic panel. The pitch angle is 1.8°. To halve it, mixed
control will be adopted. On instance, for a complete rota-
tion, 360/1.8%2=400 command sequences (number of
steps) will be required.

In the azimuth direction, it is considered that an open-
ing of 220° is sufficient. The corresponding number of
steps is 220%400/360=245. The photovoltaic panel is
placed in the south direction at an azimuth command of
123 steps. From this point he can move 110° east or west.
The relationship that expresses the dependence between
the azimuth angle and the position of the photovoltaic
panel in the azimuth direction is:

Azimuth number of steps=245/220*(110+ ys) (5)

For the direction of elevation, an aperture of 80 degrees
is chosen, i.e. 80%400/360=89 steps. The elevation of the
sun and the angle of inclination of the PV panel are com-
plementary. The relationship that defines the connection
between the number of impulses and the elevation of the
sun is:

Elevation number of steps=(as-10)*89/(90°-10°)
that is:

Elevation number of steps =( as -10)*89/80°
where
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10°<= as <=90° (6)

We will evaluate a data set for the microcontroller of the
PV panel orientation system for each month of the year
[10]. The day in the middle of the corresponding month
will be chosen as a reference. Positioning of the PV panel
will be done every 30 minutes. The PV panel is always
initialized at 6:30 a.m. and the first orientation is done at
7:00 a.m. The last orientation takes place at 16:30. The
hourly angle will be calculated with relation (2) for the
middle of each adjustment interval.

B. Structure of small model of solar tracking system

BI1. Hardware structure

The model of solar tracking system using astronomical
data [11], [12] is made with a structure developed around
an 18F4520 type microcontroller produced by
MICROCHIP (Fig. 4). Three functional blocks can be
identified: the control module, the amplifier module and
the power supply.

The control module, in addition to the PIC18F4520
chip, also contains a keyboard, an alphanumeric display, a
real time clock and a TTL/RS232 adapter. The amplifier
module ensures the adaptation of the signals to control the
two motors step by step. Also, a hardware processing of
the position initialization signals for azimuth and elevation
(S1 and S2) is done. In the case of the power supply, an
industrial model was chosen.

TN TN
(MPPI) [s] [=] (Mppz)
7 7

[ [
Amplifier circuit Amplifier circuit
1 2

il
1

Power
supply

Amplifier module

Microcontroll - i
Topaoe kol TILRS232 Adapter @| BC ‘
Display Clock

Control module

Fig. 4. Block diagram of the automaton for the solar tracking system.

B2. Software structure

Functions of the microcontroller program:

- control of two stepper motors (movement and initial-
ization);

- the acquisition of three analogue inputs;

- setting and saving in the EEPROM memory some
values that define the functioning of the microcontroller;

- serial interconnection with an electronic computer
through a UART port;

- transmission of data packets to the PC organized ac-
cording to a pre-established protocol;
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- receiving from the PC some data packages organized
according to a predetermined protocol;

- adjusting the speed of the two stepper motors;

- the choice of three program menus: testing, tracking
by calendar and calendar simulation;

- scanning a keyboard consisting of three push buttons
for setting parameters and program configuration;

- displaying some functional messages on a 2x16 char-
acter alphanumeric display;

- use and the possibility of configuring your own
clock;

- display of error messages when abnormal operating
modes are detected.

The C programming language was used for the micro-
controller program, because it is easier to understand and
maintain. Using such a language closer to the natural way
of thinking, the programmer can focus his efforts on the
design of the algorithms and less on their individual way
of implementation, which leads to obtaining a more un-
derstandable code, therefore easier to test and debug.

The program (Fig. 5) starts with the initialization of the
microcontroller and the variables used, then enters a loop
in which it executes a group of procedures, scans the three
human interface keys and calls a new loop, with a similar
structure, depending by the value of the ,,Menu Counter”
variable.

System initialization

4,l

Execution of group
procedures

Menu Counter=
Menu Counter +1

Menu Counter =
Menu Counter -1

Choice of working
mode

Elevation motor
testing

Fig. 5. Microcontroller program flow chart.
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Regardless of the loop in which the program is
located, the group of procedures will always be executed
(fig. 6). Here, the counter system is first decremented,
then the three analog inputs are scanned, the three keys
are scanned, the motor for azimuth and the motor for
elevation are managed. The sequence ends with the
processing of the serial communication and with the
command of the alphanumeric display.

/ Procedure g[ou;/

Counter decrement

|

Scan analog inputs

I

Scan keyboard

|

Azmmuth motor control

)

Elevation motor control

I

Serial communication
processing

I

LCD display processing

Fig. 6. Flow chart of the "procedure group" sequence.

When the orientation system works according to the
calendar, every 30 minutes the required value for azimuth
is obtained (Azimuth Prescription - organizational chart
from fig. 7) and elevation. For example, for the azimuth
direction, the algorithm will test the imposed wvalue
(Azimuth Prescribed) with the current one (Azimuth
Motor Pulse Index) and depending on the ratio of the two
values, the Azimuth Motor Sequence will increase or
decrease. It can take only eight values and is the input size
in the Azimut Motor procedure. Here, depending on the
value, the motor phases are controlled step by step along
the azimuth direction by controlling the assigned
microcontroller pins (fig. 8).

The data packets D4..D7 in the organizational chart of
the program (fig.8 ) have the following meaning:

D.4- Index of Azimuth Motor Pulse H
D.5- Index of Azimuth Motor Pulse L
D.6 — Azimuth prescribed H
D7. - Azimuth prescribed L
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Azsnuth Motor Control

Azimuth Motor Pulse Index<
<Azmuth prescribed

Sequence Azimuth Motor= Ne

= Sequence Azimuth Motor+1

Azimuth Motor Pulse Index>
>Azimuth preseribed

Sequence Azimuth Motor=
= Sequence Azimuth Motor -1

Sequence Azimuth Motor =7

No

‘ Sequence AzsmuthMotor =0 ‘

Q—I Yez

Sequence Azimuth Motor 7

Sequence AzimuthMotor=7

l

v
E‘ imuth Motor ;

d

Fig. 7. Flow chart of the motor control in the azimuth direction.
Azimuth Motor

equence Azimuth Motor=0

oogyg
B o ]

[l R ]

gououo
R
[
——0 O

¥

Sequence Azimuth Motor =&

Fig. 8. Flow chart of the actual motor control in the azimuth direction.
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C. Solar Trackig system experimentation

Experimentation of the tracking system was done for all
work procedures carried out within the tracking program.

The solar tracking system (Fig. 9) contains:

1-  Power supply

2-  Mechanical structure of tracking system
3- Stepper servomotors

4-  Development system with microcontroller
5- PC

Fig. 9. Solar tracking system achieved.

During a work procedure, information about the date
and time as well as the work procedure being executed is
displayed on the screen of the development system. As
can be seen in figure 10, the date 26.07, time 11:42 and
the work procedure "Calendar Orientation" are displayed.
For this date and time, the PV panel has the position
shown in the figure.

Fig. 10. Solar tracking systen working of ,,Tracking calendar” mode.
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The Visual Basic language was used to create the pro-
gram for PC, [12]. it is frequently found in industrial ap-
plications, being easy to use in human-machine interfaces.
It should be noted that it contains an object specialized in
ensuring the serial connection with other digital equip-
ment, ensuring practically the only convenient way of
transferring information between the PC and the targeted
equipment.

Figure 11 shows the graphical interface of the created
application, named "Tracking system of PV panel"

Then choose the serial port (Fig. 11) by pressing the
Serial port selection button. The establishment of the seri-
al link between the two devices is highlighted by the Re-
ceived serial packets counter. By pressing the Monitor
button, the second window of the program will be activat-
ed (Fig. 12). Here you can see the content of the received
serial packets, the values scanned by the three analogue
channels and the numerical values imposed and achieved
by the two stepper motors.

The commands from the PC are valid only when the
microcontroller is in the first screen (status screen).

In figure 12, it can be seen that the two stepper motors
are at rest, after having executed the PV panel positioning
sequence according to the two axes (Index motor azi-
muth=Azimuth motor prescribed; Index motor eleva-
tion=Elevation motor prescribed).

Tracking system of PY panel

RS232 setingz

Serial port
zelection

Stop data
acquizition
Senial packets received: 123
[ Comunication errors
Sernal buffer dimension: 10

Syztem state: | Tracking calendar

Data / System clock: (26,7 13:58:119 D atasclack adjustrient

Systern control

Calendar

Testing zimulatiarn

Cloze

P panel valtage:

[1,0%

Fig. 11. The main window of the PC program.
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The modular nature of the serial communication pro-
cedures and the code sequences that identify the received
commands, allows their inclusion in the structure of other
programs that run on microcontrollers from the same fam-
ily. The development of a complex serial communication
procedure for PC is part of the current trend of PC-
equipment interconnection, this duet being almost indis-
pensable especially in the phase of design and verification
of programs written for microcontrollers.

The experimental results obtained with the automatic
solar tracking system, designed and realized in the work,
constitute a convincing method by which the correctness
and coherence of the proposed solutions are demonstrated.

III. SMALL MODEL OF SOLAR TRACKING SYSTEM BASED
ON MAXIMUM LIGHT INTENSITY

A. Structure of solar tracking system

The structure of the tracking system based on the point
of maximum light intensity [14] is presented in figures 17
and 18. The tracking system is composed of the following
blocks: photo resistor block (LRD1...LRD4), command
platform with Arduino Uno microcontroller [15], servo
motors SM1, SM2 for orientation along both axes of the
photovoltaic panel, the power supply.

PV panel

LOR2 Microcontroller
development system

LDR 3 C : :
LDR 4

Fig. 17. Structure of Solar tacking system.

Fig. 18. Solar tracking system achieved: 1-PV panel; 2- servo motors;
3- adjustable resistors; 4- digital voltmeter; 5- photorezistors; 6- power
supply; 7- Arduino Uno microcontroller.

Servomotors SM1, SM2 type MG995 that ensure the
orientation of the photovoltaic panel according to the two
axes have the following technical specifications:

. Operating voltage: 4.8V - 7.2V

. Operating voltage speed at 4.8V: 0.20sec / 60°

. Operating voltage speed at 6.6V: 0.16sec / 60°

. Maximum rotation angle: 180°

Photo resistors type 5528 LDR are passive electronic
components that change their electrical resistance depend-
ing on the intensity of light radiation.

Technical specifications:

. Maximum voltage: 150 Vdc

Maximum power consumption: 100 mW

. Operating temperature: - 30°C .... +70°C

. Spectral value : 540 nm

. Light resistance at 10Lux: 2 KQ

The Arduino Uno R3 platform is a development board
based on the ATmega 328 microcontroller, 14 digital in-
puts and 6 analogue inputs.

The Arduino IDE (Integrated Development Environ-
ment) [15] software was used for the tracking program,
which supports C, C++ languages using special code or-
ganization rules.

The four photo-resistors are placed on the sides of the
photovoltaic panel according to [16], [17], (Fig. 18). Pho-
to resistors change their electrical resistance depending on
the intensity of solar radiation [18]. Servomotors connect-
ed to the microcontroller board position the PV panel in
the direction of the Sun [19].

When the light intensity from the two LDRs on the
right is higher, the horizontal servo motor moves the PV
panel slowly to the right, and if the intensity on the LDRs
on the left is higher, the panel direct slowly to the left.

When the light intensity from the two LDRs, located at
the top, is higher, the vertical servo motor rotate the panel
to the top, and if the intensity in the LDRs located at the
bottom is higher, the panel is oriented to bottom.

The tracking accuracy of the solar tracker system is
evaluated by calculating the deviation between the solar
panel’s actual position and the ideal position based on the
sun’s movement.

B. Analysis of the operation of the solar tracking system

Bl1. Calculation of the photovoltaic panel efficiency in
standard conditions
The characteristics of the photovoltaic panel measured
under standard conditions, solar radiation 1000 W/m?
temperature 25°C are the following:
e Power: 10 W
Open circuit voltage: 21,6 V
Short circuit current: 630 mA
Maximum current: 556 mA
Maximum voltage; 18 V
PV cell type: polycrystalline Si
PV panel size (mm.) 220%340x3 mm

The yield of the photovoltaic panel under standard
conditions is:

1= e = sozasrio =0 1336-13.36% @
A- PV panel surface [mz]

E- solar irradiation [W/m?’]
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B2. Analysis of the efficiency of the solar tracking system

Table 1 presents the results of measuring the voltage
and the short-circuit current of the photovoltaic panel for
two scenarios: a fixed panel oriented to the South at 40
degrees and a PV panel with tracking system. The meas-
urements were carried out using the same PV panel, under
identical irradiation conditions, at regular time intervals
during a day for the two analysed cases.

TABLE I. MEASUREMENTS PERFORMED FOR THE TwoO
SCENARIOS: FIXED PANEL AND ORIENTED PANEL

Stationary PV panel PV panel with tracking system
Voltage | Current | Power Voltage | Current Power
UV] L[A] P [W] UV] IA] P [W]
8,1 0,054 0,44 10 0,113 1,13
10,2 0,151 1,55 11,4 0,242 2,76
11,8 0,270 3,19 11,9 0,409 4,87
12 0,466 5,68 14 0,533 747

The achieved solar tracking system is a functional pro-
totype. The use of a system for tracking the movement of
the Sun leads to a quantity of captured solar energy (and
implicitly a quantity of electricity produced by the photo-
voltaic panel) up to 35% higher, taking into account the
own consumption of electricity tracking system.

IV.CONCLUSIONS

The use of a solar tracking system for PV panels im-
plies an increase in the electrical energy provided by the
PV system by up to 30-40%. This was observed from the
experimental results.

Implementation of a solar tracking system for PV pan-
els requires complex interdisciplinary knowledge of as-
tronomy, geography and engineering sciences, therefore
the presented tracking systems were made on a small scale
for educational purposes.

The use of a development system with a microcontrol-
ler to control and monitor the solar tracking system is a
solution that can significantly reduce the number of elec-
tronic components as well as the cost of designing and
achieved of equipment.

The sensors, electrical equipment and electronic com-
ponents used in the two solar tracking systems present a
high degree of accessibility and performance using stand-
ard software and interfaces.

The hardware and software infrastructure used allows
monitoring and control of solar tracking systems in real
time.

The models achieved can be used by students in the
training process or adapted to a suitable scale can be used
in real practical applications.

Starting from these models, some students of the Facul-
ty of Electrical Engineering made similar models for their
graduation projects. Other engineering graduates work in
the field ensuring the maintenance or installing photovol-
taic systems.
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