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Case Studies on the Application of the Exhaustive
Optimization Method Based on Screening and
Zoom Techniques

Alin-lulian Dolan™
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Abstract - The present paper presents an exhaustive optimi-
zation method based on screening and zoom techniques and
its application in two case studies involving electromagnetic
devices. The method is based on the design of experiments
technique, combining optimization algorithms with numeri-
cal simulations. The solution of the optimization problem is
performed in two stages: global modeling (coarse optimiza-
tion) and actual optimization (fine optimization). In the first
stage, a partitioning of the entire feasible domain is per-
formed, especially in the areas where there are extrema of
the objective function. Their location is signaled by the sign
variations of the local effects of the design variables calcu-
lated by a screening technique. In the second stage, the ac-
tual optimization takes place using the zoom technique, ini-
tiated around the point found in the first stage. The paper
concludes with two case studies in which the application of
the method on 2-D models of electromagnetic devices is ex-
emplified. The optimization problems are to maximize the
developed forces while maintaining the overall dimensions
and the cross-sections of the coils, depending on two geo-
metric parameters. The method was applied up to zoom
level 5, obtaining a considerable improvement in the per-
formances of the electromagnetic devices. The great ad-
vantage of the exhaustive method is the determination of the
global extremum of the objective function, which becomes
all the more expensive the greater the number of design
variables and the finer the partitioning.

Cuvinte cheie: optimizare globald, tehnica de screening, pro-
iectarea experimentelor, metoda elementului finit bidimension-
ala.

Keywords: global optimization, technique of screening, design
of experiments, bi-dimensional finite element method.

. INTRODUCTION

Modern optimization techniques are directly linked to
numerical simulations through the Design of Experiments
(DOE) method [1]-[2], in which real experiments are re-
placed by numerical ones, much cheaper in terms of time
and resources. Many recent works prove the success of
these tools [3]-[11].

The utility of DOE was demonstrated in [3] for "scan-
ning" a double-cage induction motor to identify the most
influential parameters on efficiency and starting torque.

The same technique was applied in [4] to increase the
efficiency of a boiler by reducing the gas-steam ratio and
in [5] to adjust design variables to optimize a permanent
magnet machine.

The multi-objective optimal design of the geometry of a
linear switched reluctance motor with segmented motor
with segmental mover was obtained in [6] using a combi-
nation of DOE and Kriging model.

In [7], a three-parameter multi-objective optimization of
graded metal foam under impulsive load was performed,
correlating the finite element method (FEM) and DOE.

The paper [8] proposed a robust design for brushless
DC motors by using DOE in the driving cycles, overcom-
ing the problems related to manufacturing tolerances.

In [9], DOE was applied to select certain parameters by
the Taguchi method in order to optimize a switched reluc-
tance motor for ceiling fan design.

DOE together with genetic algorithms led in [10] to an
optimized design of a novel line-start permanent magnet
synchronous with double-squirrel-cage structure and frac-
tional slot concentrated winding and the application of
FEM was a validation of the obtained solution.

To investigate the effect of bump structures and loading
conditions on the electromigration properties of solder
bumps in Wafer-level chip-scale packaging, in [11] An-
sys, Noesis Optimus, DOE and response surface method-
ology (RSM) were used. In this way, the effect of pas-
sivation opening, thickness of solder surface metallurgy
and loading conditions on the electromigration perfor-
mance of the solder surface was optimized.

Relatively recent concerns in the field of electromagnet-
ic device optimization and screening technique can be
found in [12]-[15].

MATLAB software was the tool used in [12] for the
geometric optimization of a guide coil to obtain a maxi-
mum levitation force, based on very accurate semi-
analytical equations, allowing a fast calculation compared
to 3D-FEM analysis.

The paper [13] highlights the optimized shape of an
electromagnetic actuator of a bionic robot fish, using an
adaptive genetic algorithm. Thus, the noise of the elec-
tromagnetic drive was reduced and its endurance was ex-
tended.

The efficiency of the screening technique is evident
from [14] where it was applied to a novel spherical actua-
tor to detect the influence of the main structural parame-
ters on the output torque and on the waveform distortion
rate of the system. Their improvement was obtained
through a multi-objective optimization using the genetic
algorithm.
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A preliminary screening study was required in [15] for
the optimization of a micro-electro-mechanical system
electro-thermal actuator using a multi-objective particle
swarm optimization algorithm that takes into account mul-
ti-source uncertainties. The effect was to reduce the prob-
lem size and obtain a solution with good robustness.

Recent works [16]-[18] illustrate the application of op-
timization methods based on DOE technique which aim at
maximizing the force developed by DC electromagnets.

Complex versions of the methods by zooms and by
slidings of designs are applied in [16] to improve the per-
formance of an electromagnetic device with a sufficiently
good convergence rate by iteratively using second-order
polynomial models.

Among the optimization methods based on DOE, ex-
haustive methods are distinguished that allow finding the
global extremum, in addition to other possible local ex-
trema. They analyze the entire feasible domain, iteratively
focusing on the areas that locate the sought extrema. The
ways in which these areas are selected make the difference
between the methods.

Paper [17] presents, for a similar electromagnetic de-
vice, the solution of an optimization problem by the ap-
plying of an exhaustive method in which the refinement of
the global extremum search uses the analysis of variance
(ANOVA) technique.

In [18], another exhaustive optimization method based
on screening and zoom techniques is presented, exempli-
fied on the case study in [16].

This paper extends the scope of the method in [18] to
the case study in [17].

Il. EXHAUSTIVE OPTIMIZATION METHOD BASED ON
SCREENING AND ZOOM TECHNIQUES

Exhaustive (global) optimization methods have the
great advantage of determining all the extrema of an ob-
jective function (local and global), at the cost of a particu-
larly complex calculation.

In cases where its analytical expression and implicitly
its derivatives are not available, but only the values of the
objective function at the points of the feasible domain, one
can resort to optimization methods based on the design of
experiments (DOE) technique [2], which are divided into
three categories:

- The method based on 1st order factorial designs;

- The method based on 2nd order factorial designs
and response surface methodology (RSM);

- The method based on 1st order factorial designs
and screening and zoom techniques.

All methods have in common the global modeling of
the feasible domain and are also suitable for constrained
domains.

The first method uses a predefined distribution of ex-
perimental points, independent of the objective function
variations. The accuracy of the result depends on the de-
gree of partitioning of the feasible domain.

The second method starts as the first and additionally
calculates for each subdomain a second-order polynomial
model of the objective function. Depending on the quality
of these models, evaluated by RSM adjustment coeffi-
cients, it is decided to refine the partitioning in the sub-

domains with poor quality models and the evaluation pro-
cess is resumed. The method is the best for identifying the
objective function variations, but very expensive for more
than 4 parameters.

The last of the methods starts with global modeling and
a screening analysis performed at the level of each sub-
domain. Where changes in the sign of the objective func-
tion slopes are observed, the partitioning is refined and the
analysis is resumed, until an acceptable optimum point is
found.

The algorithm continues with the actual optimization
using the zoom technique, which allows for a very precise
estimation of the optimum point. The interest of the meth-
od increases in the case of a number of parameters greater
than 3, when fractional factorial designs become effective.

The third method will be described in detail in the fol-
lowing and will subsequently be exemplified by its appli-
cation in two case studies involving electromagnetic de-
vices.

A. Global Modeling

In stage I, the global modeling of the feasible domain
takes place, which consists of partitioning it into several
subdomains in which full factorial designs are created [2].
If Ni is the number of divisions imposed for dimension i
(i = 1 = k), the total number of subdomains N is:

k
N s Ni (1)
i=1
These are called basic subdomains and have the associ-
ated zoom level {=1.

The partitioning operation defines at the same time a
regular discretization network that counts

Kk

N=TT(N; +1) @

i=1

points. If full factorial designs are performed in each of
the N;s subdomains, the total number of experiments quick-
ly becomes very large, especially for large values of k,
which leads to an increase in the cost of the experiments.
Therefore, it is recommended to use less expensive vari-
ants such as fractional factorial designs, Taguchi designs
or Placket-Burman designs.

B. Technique of Screening

Technically, screening a system is equivalent to ranking
the effects of input factors on its response [1]-[2]. This
involves creating a full factorial design, modifying each
factor with maximum amplitude. The number of experi-
ments required increases rapidly when the number of fac-
tors k becomes large.

The matrix of experiments is a square matrix X of order
2%, For k = 2 we have:

+1 -1 -1 +1
+1 +1 -1 -1
X = (©)]
+1 -1 +1 -1
+1 +1 +1 +1

If we denote by N the number of levels taken by the
factor k, we have Nn1 = Npz = 2 (the values +1 and -1 in the
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experiment matrix). The number of experiments of the full
factorial design will be N =22 =4,

The set of corresponding responses is described by a
column vector Y with 2% = 22 = 4 elements:

Yl
YZ

Y = 4
Y3
Y,

The effect of factor i on response Y is calculated:
1 N
Ei :W‘ (Xj,i+1'Yj) (5)

j=1

In stage | of the optimization method, the screening
technique is applied for each of the Ns basic subdomains.
Adjacent subdomains between which there are sign varia-
tions of the effects are searched for and if there are, these
will be partitioned into 2 subdomains and the screening
analysis will be resumed for the new subdomains with
{=2.

The process can continue until a zoom level imposed by
the experimenter is reached, when the optimal experi-
mental point is chosen from the set of obtained points.
Stage | represents the coarse optimization stage.

C. Technique of Zoom

In the second stage, the actual optimization takes place
through the zoom technique initiated from the point found
in the first stage [2].

The simplest version of the zoom methods involves
creating a full factorial design around the initial point,
delimited by 4 neighboring diagonal points and comparing
the values of the objective function in the 5 points, fol-
lowed by choosing the point with the best value and re-
peating the action around it.

If the central point offers the best value, the next facto-
rial design will have a zoom level { higher by one unit. If
not, the same zoom level is maintained.

Stage Il represents the fine optimization stage which
leads to a very precise estimate of the global maximum of
the optimization problem.

I11. APPLICATION OF THE OPTIMIZATION METHOD ON
ELECTROMAGNETIC DEVICES

In the following, the application of the exhaustive opti-
mization method based on the screening and zoom tech-
niques on DC electromagnetic devices will be exempli-
fied.

A. Case Study I (CS 1)

As follows from the design methodology from [19], the
initial geometry shape and the values of the main geomet-
ric parameters of the device 1 can be followed in Fig. 1
and Table I.

The air gap for which the study was made is & = 41
mm. The coil has w = 1269 turns and the supply voltage is
U,=110V DC.

The optimization problem has as objective function the
actuation force F to be maximized and as design variables
the support angle ratio, kg, and the coil aspect ratio, kp:

e

Sy

Hpax+0

Iinax hiy

"max

Fig. 1. Initial geometry shape of electromagnetic device 1 (CS I) [16].

TABLE I.
MAIN GEOMETRICAL PARAMETERS OF DC PLUNGER-TYPE
ELECTROMAGNET 1 (CS 1) [16]

r, (mm) | 29.80 gy (mm) 19.83 &y (mm) 2.00
r, (mm) 0.00 hy (mm) | 138.90 | Sp=gys-hy (Mm?) | 2752.27
r; (mm) | 29.80 s (mm) 2.00 I'max 65.70
Bin (°) | 45.00 v (mm) 24.29 Nimax 172.60
ao (mm) 9.07 | hy(mm) | 192.00 Humax 231.19
a; (mm) | 14.90 b (mm) 10.00
a, (mm) 14.90 | &, (mm) 1.00
B .
k, = [0.43+1.56] (6)
h,
k, =—-€[6+8] )
9p

The optimization is subject to four equality constraints
that ensure the conservation of the overall dimensions of
the device (the external radius rmax, the height of carcass
hmax, the height of plunger + support Hmax) and the coil
cross-section (Sp = gv-hp). The standard form of the opti-
mization problem (OP3) is written:

max F, (ks k;)
k SkB <k
Ko min < Ko < Kpax
OP,:4¢9,(k,)=0 8
9n(ky) =0

gH(kb):O

9sp(Ky) =0

At each iteration n, the gain g, is calculated compared
to the initial value (n = 0):

Bmin Bmax

g, = F"F‘ Fo 100[94] ©

n
0

The results obtained are presented iteratively in Table
I1, which also mentions the variation of some
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TABLE Il.
VARIATION OF PARAMETERS ALONG THE OPTIMIZATION ALGORITHM
(CS1)[18]

F On B 0o hy
(N) (%) | ) [(mm)] (mm)

=
e

Ntot Nrec kl} kb

- | 1| - |1.000(7.000|656.52| - |45.00|19.83|138.80

64 | 40 |1.566|6.500 | 775.32|18.09|70.50| 20.58 | 133.75

128 | 98 |1.425]6.500 |810.99 | 23.53|63.13| 20.58 | 133.75

1.425|6.500 | 810.99 | 23.53 | 63.13 | 20.58 | 133.75

1.460|6.438|812.28 | 23.73 | 65.72| 20.68 | 133.11

1.460|6.438|812.28 | 23.73 | 65.72| 20.68 | 133.11

1.460|6.438|812.28 | 23.73 | 65.72| 20.68 | 133.11

~N|ojlu(a|lw Nk |o
R [W|IW[N[(N]|-
ajajo|o|;
PlRrlw|k]|~

1.452|6.422|812.47|23.75|65.32| 20.70 | 132.95

Total |218 145

geometric parameters.

Stage | starts with the initial point Py with coordinates
ks = 1, ko = 7, with the value Fo = 656.52 N and provides
the best point Py with coordinates ks = 1.425, k, = 6.5 and
value F» = 810.99 N, with a gain of 23.53%, at the zoom
level £ =2.

Figure 2 illustrates the distribution of the basic subdo-
mains ({ = 1) and Figs. 3 and 4 show the 2-D, respectively
3-D, experimental points and the optimal point for this
zoom level. Figure 5 illustrates the distribution of the sub-
domains with the zoom level { = 2 and Figs. 6 and 7 show
the experimental points and the optimal point P;.

Stage Il continues with 5 iterations up to point P, with
coordinates ks = 1.452, ky = 6.422 and the value F7 =
812.47 N, with a gain of 23.75%, at zoom level { = 5.
Figure 8 illustrates the optimization algorithm using the
zoom technique, initiated from point P1. In Figs. 9-10 the
entire optimization algorithm is presented, in 2-D and 3-D
visualization.

As the optimization results show, none of the design
variables reach their range limits. The total number of
numerical experiments required was 218, of which 145
were recovered through iterations, leaving 73 experiments
actually performed using the FEMM program [20] and the
LUA programming language [21]. The force F was de-
termined using the Maxwell Stress Tensor approach.

In Fig. 11 are presented initial and optimal geometry

shape and magnetic flux density distribution computed in
FEMM software on an axial-symmetric model.

kp
043 072 1 128 157
| ] ] l |
|— =
11 12 13 14
b 7.5
21 2 23 24
- =
31 32 33 34 <
b—c.5
41 4 43 44
|— ¢

Fig. 2. Distribution of basic subdomains ({= 1, CS I) [18].

kP
043 07z 1.28 157

Fig. 3. Experimental points of the basic subdomains ({ = 1) and the
optimal point (in black) for this level (stage I, 2-D view, CS I) [18].

e 700

- 600

Fig. 4. Experimental points of the basic subdomains ({ = 1) and the
optimal point (in black) for this level (stage I, 3-D view, CS I) [18].

kp
043 0.58 07z 0.86 1 1.14 1.28 143 1.57
I [N N A S A N
5
11 12 13 14
T
TS
21 22 23 24
7.2 St
Z

3111 [31_12 [32_1132_1233_11 [33_12 |34_11| 34_12

.77 5=

3121 [31_22 [32_21 | 32_22[33_21 |33_22 |34 21| 34 22

.5

4111 [41_12 [4211 [ 421243 11 [43_12 [44 11 4412

6.25—]
41 21 [41 22 [42 21 (42 2243 21 [43 22 [ 44 21| 44 22

Fig. 5. Distribution of subdomains with zoom level { =2 (CS 1) [18].
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Fig. 6. Experimental points of the subdomains with { =2 and the
optimal point P; for this level (stage I, 2-D view, CS 1) [18].

Fig. 7. Experimental points of the subdomains with { =2 and the
optimal point P, for this level (stage I, 3-D view, CS 1) [18].

kfp

135 1.3% 142 146 15

= 6.56

— 6.5

as

— 6.44

—6.38

Fig. 8. Experimental points of the subdomains with £ = 2+5 and the
optimal point P, for level 5 (stage Il, 2-D view, CS 1) [18].
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Fig. 9. Optimization algorithm for { =1 + 5, initial point Py and
optimal points P; (stage I) and P, (stage Il) (2-D view, CS 1) [18].
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Fig. 10. Optimization algorithm for {= 1 + 5, initial point Py and
optimal points P, (stage I) and P, (stage I1) (3-D view, CS 1) [18].

228004000 - >2 40024000
2.160e+000 - 2.280e+000

8.4000-001 - 9.600e-001
7.2006-001 - 8.400e-001
6.000¢-001 - 7.200e-001
4.800e-001 - 6.000e-001
3.600e-001 - 4.800e-001
2.4006-001 - 3.600e-001
1.2000-001 - 2.4006-001
1.200e-001
Density Plot: [B], Tesla

Fig. 11. Initial and optimal geometry shape and magnetic flux density

distribution (axial-symmetric solution, FEMM, CS I) [18].
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B. Case Study Il (CS II)

The initial geometry shape and the values of the main
geometric parameters of the device 2 can be followed in
Fig. 12 and Table I11. The air gap for which the study was
made is = 1 mm. The coil has w = 11500 turns and the
supply voltage is U, = 115 V DC.

The optimization problem has as objective function the
actuation force F to be maximized and as design variables
the ratio between the height and thickness of the coil, kp,
and the ratio between the thicknesses of the core yokes,

Kmy:
P

I
hZI ‘ = ‘

I

Fig. 12. Initial geometry of electromagnetic device 2 (CS II) [16].

TABLE III.
MAIN GEOMETRICAL PARAMETERS OF DC PLUNGER-TYPE
ELECTROMAGNET 2 (CS 1) [16]

h (mm) 52.50 Lazin (Mm) 13.00
H (mm) 65.70 Lyin (Mm) 7.35
L (mm) 50.90 Lin (Mm) 7.35
szLb‘hb (mmz) 234.00 Lbin (mm) 7.50
hyin (MM) 7.90 hpin (Mm) | 31.20
ain (Mm) 7.90 g(mm) | 19.80
hb
k, =—2 e[2+6] (10)
L,
h,
Kyy =—=€[0.5+2] (11)

The optimization is subject to four equality constraints
that ensure the conservation of the overall dimensions of
the device (core width L, core height h, total device height
H) and the coil cross-section (Sp = gv-hy). The standard
form of the optimization problem (OPy) is written:

max F(ky,Kp,)
Kpmin <Ky <k
Kiyrnin =< Ky < Kinype

OP, :< gy (ky,ky,)—h=0 (12)
g.(ky)-L=0

9 (Ky Kyy)—H =0

sy (ky) =S, =0

The results obtained are presented iteratively in Table
IV, which also mentions the variation of some

bmax

geometric parameters.

Stage | starts with the initial point Py with coordinates
ko = 4, kmy = 1.25, with the value Fo = 22.939 N and pro-
vides the best point P1 with coordinates ky = 2.5, kmy = 2
and value F, = 24.924 N, with a gain of 8.66%, at the
zoom level {= 2.

Figure 13 illustrates the distribution of the basic sub-
domains ({ = 1) and Figs. 14 and 15 show the 2-D, respec-
tively 3-D, experimental points and the optimal point for
this zoom level. Figure 16 illustrates the distribution of the

TABLE IV.

VARIATION OF PARAMETERS ALONG THE OPTIMIZATION ALGORITHM
(csy

o I L e L O e e e e
0 - 1 - 14.00(1.25|22.939| - | 7.65(30.59| 7.29 | 9.11
1| 1 |64 40 |3.00/2.00{24.818|8.19| 8.83 |26.50| 6.84 |13.67
2 2 [128| 98 |2.50(2.00(24.924|8.66| 9.67 |24.19| 7.60 |15.21
3 2 5 1 |2.50|2.00(24.924|8.66| 9.67 |24.19| 7.60 [15.21
4 3 5 1 |2.63|2.00(24.918|8.63| 9.44 |24.78| 7.41 [14.81
5| 3| 5 | 3 |250(2.00(124.924(8.66| 9.67 [24.19| 7.60 |15.21
6 | 4 | 5| 3 |2.63|2.00/124.918(8.63| 9.44 (24.78| 7.41 [14.81
7|15 | 5 | 3 |250(2.00(124.924(8.66| 9.67 {24.19| 7.60 |15.21
Total |218|149

subdomains with the zoom level { =2 and Figs. 17 and 18
show the experimental points and the optimal point P;.

Stage Il continues with 5 iterations up to point P, with
coordinates ky = 2.5, kmy = 2 and value F7 = 24.924 N,
with a gain of 8.66%, at zoom level { = 5. Figure 19 illus-
trates the optimization algorithm using the zoom tech-
nique, initiated from point P1. In Figs. 20-21 the entire
optimization algorithm is presented, in 2-D and 3-D visu-
alization.

As the optimization results show, one of the design var-
iables reaches its range limit. The total number of numeri-
cal experiments required was 218, of which 149 were re-
covered through iterations, leaving 69 experiments actual-
ly performed using the FEMM program [20] and the LUA
programming language [21]. The force F was determined
using the Maxwell Stress Tensor approach.

In Fig. 22 are presented initial and optimal geometry
shape and magnetic flux density distribution computed in
FEMM software on a planar model.

kb
2 3 4 5 6
l | l |

|

i 12 13 14
153

21 2 23 2
L 105 g

1 3 3 3 =
_r

a 2 4 m
o5

Fig. 13. Layout of basic subdomains ({ =1, CS ).
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Fig. 14. Experimental of the basic subdomains ({ = 1) and the optimal

—1.63

— 125 3
<

—0.83

— 0.5

point (in black) for this level (stage I, 2-D view, CS I1).

24~

22

Fig. 15. Experimental points of the basic subdomains (= 1) and the

optimal point (in black) for this level (stage I, 3-D view, CS II).

Fig. 16. Distribution of subdomains with zoom level { =2 (CS ).
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Fig. 17. Experimental points of the subdomains with { =2 and the
optimal point P, for this level (stage I, 2-D view, CS ).

Fig. 18. Experimental points of the subdomains with { =2 and the
optimal point P; for this level (stage I, 3-D view, CS ).
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Fig. 19. Experimental points of the subdomains with { = 2+5 and the
optimal point P, for level 5 (stage Il, 2-D view, CS II).
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Fig. 20. Optimization algorithm for (=1 + 5, initial point Po and
optimal points P; (stage I) and P, (stage I1) (2-D view, CS ).

Fig. 21. Optimization algorithm for {= 1 + 5, initial point Po and
optimal points P; (stage 1) and P, (stage 1) (3-D view, CS II).

1 >1.00084000

Density Plot: 81, Tesla

Optimal geometry

Initial geometry

Fig. 22. Initial and optimal geometry shape with magnetic flux

density distribution (planar solution, FEMM, CS I1I).

IV. CONCLUSIONS

In this paper, an exhaustive optimization method based
on screening and zoom techniques from the field of exper-
imental design was presented. The method is structured in
two stages. The first represents a global modeling of the
feasible domain, with a higher degree of refinement in the
subdomains where changes in the slope of the objective
function are found, through screening analyses. The sec-
ond stage is the actual optimization using the zoom tech-
nique to improve the result of the first stage.

The application of the method was exemplified in two
case studies of electromagnetic devices for which 2-D
numerical models were obtained using the FEMM pro-
gram. In the first case study, in the global modeling stage,
23.53% was gained and in the actual optimization stage,
the percentage increased to 23.75% of the initial value. In
the second case study, the gain was obtained only in the
global modeling stage, of 8.66%, but it did not improve in
the second stage.

Thanks to the second stage of actual optimization
through the zoom technique, the presented method proves
to be very accurate compared to other exhaustive methods.

From the point of view of the magnetic circuit, the solu-
tion obtained for the first case leads to a pronounced satu-
ration of the plunger and its support, which indicates the
need to take into account the saturation level as an addi-
tional design variable. The geometric asymmetry of the
solution for the second case may have some consequences
from the point of view of mechanical stability, which
would require reducing the upper limit of the design vari-
able Kmy.
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Abstract - Circuit-breakers are essential for the safety and
reliability of electrical power systems by interrupting fault
currents under various conditions. Circuit-breakers must be
capable of breaking single-phase short-circuit currents
which can occur in two distinct scenarios. The first scenario
involves effectively earthed neutral systems, where single-
phase faults can generate high fault currents that the cir-
cuit-breaker must safely interrupt to prevent equipment
damage and ensure personnel safety. The second scenario
occurs in non-effectively earthed neutral systems, where
double earth faults can appear on two separate phases, with
one fault occurring on one side of the circuit-breaker and
the other on the opposite side. Such conditions pose signifi-
cant challenges for circuit-breaker design and operation,
requiring careful consideration of their dynamic response
and fault current interruption capacity. This paper presents
the expected behavior of the circuit breakers and the real-
life situations encountered during high-power testing of this
type of equipment. Real-life testing reveals critical insights
into performance limitations, transient phenomena, and
operational reliability, providing valuable information for
both equipment manufacturers and system designers. The
study highlights the importance of accurate modeling, thor-
ough testing, and adherence to standards to ensure that
circuit-breakers perform reliably under all anticipated fault
conditions. The most severe condition is identified as a dou-
ble earth fault occurring under phase opposition. Although
additional tests are planned to confirm this, preliminary
assessment suggests that under normal operating conditions
(0° < ¢ < 30°), the current at the final breaking pole should
not exceed the generator’s short-circuit current.

Cuvinte cheie: Intreruptoare, defect de punere la pamant, mare
putere, teste.

Keywords: circuit-breaker, earth fault, high power, tests.

. INTRODUCTION

The switchgear operates correctly when it eliminates
the short circuit in an optimal time without any conse-
quences that endanger the system, defined by the type and
class of the switchgear [1], [6]. The switching process is
characterized by a number of physical phenomena that are
determined by the type of switching device and its operat-
ing parameters. The switching characteristics of electrical
devices are defined by the following parameters:

- Breaking capacity - defined as the highest value of
the real or assumed current, measured as the effective val-
ue at the moment of contact separation, which can be in-

10

terrupted by the switchgear without damage, with explicit
specification of the main parameters of the reference tran-
sient recovery voltage (characterized by the parameters of
the power line) [2], [3];

- Rated Peak Withstand Current - defined as the highest
value of current, measured as a peak value, that the
switchgear can break at a given voltage without damage;

- The operating frequency recovery voltage (RV), in the
event of a short circuit across the terminals, is the voltage
value that appears between the contacts after the arc is
extinguished [1], [7];

- Transient recovery voltage (TRV) consists of high
frequency voltage oscillations. In the case of high power
tests, in three-phase mode, the recovery voltage has the
value kU, /+/3 in the case of the first phase that interrupts
the current and I7,, /+/3 in the case of the other two phases
that interrupt the arc, where k is the factor of the first pole
and has the value 1.3 or 1.5, depending on how the neutral
of the network is earthed (by resistance or inductance) or
insulated. In the case of tests, the value of the recovery
voltage is allowed to drop to 95% of the specified value
during the test and must be maintained for a minimum of
300 ms in the case of circuit breakers. The transient re-
covery voltage wave has an aperiodic shape.

- The voltage applied to the circuit breaker terminals is
the rated voltage of the system. The average applied volt-
age for each phase must be at least equal to the rated volt-
age U, /+/3 and must not exceed this value by more than
10%. For single-phase testing of a three-pole circuit
breaker, the applied voltage shall be at least equal to the
value of the phase voltage multiplied by 1.3 or 1.5, and for
single-pole circuit breakers, the applied voltage shall be at
least equal to the rated value.

- The power factor of the test circuit is standardized for
circuit breakers cosg = 0.15 and can be determined from
the time constant of the circuit or from the aperiodic com-
ponent of the short-circuit current [6], [7].

Il. SINGLE AND DOUBLE EARTH FAULT TESTS

A. Use Cases

In the laboratory, the single earth fault case consists of a
single-phase test of one side pole of the circuit-breaker to
interrupt the short-circuit current at rated value lsc under
the action of voltage U, /3.

The double earth fault situation occurs when the neutral
of the system is isolated or not firmly earthed by the sim-
ultaneous earthing of two different phases, one upstream
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and one downstream of the circuit-breaker, in the case of
the earthing of two phases, one on the load side and one
on the supply side, considered as a double earth fault.

Depending on the type of connection of the neutral of
the system in which the circuit-breaker is used, its operat-
ing mechanism and the short-circuit test scheme (single-
phase or three-phase) in the T100s sequence of the circuit-
breaker, additional single-phase short-circuit tests must be
carried out on the terminals according to Table 1.

The purpose of these tests is:

- to verify that the circuit-breaker is able to interrupt the
fault current on a single pole with the parameters set;
- to verify that the opening action of the operating mechanism

common to all poles is not affected by the high forces generated
by the single-phase short-circuit current at that pole [4], [5].

TABLE I.
TEST PARAMETERS

Single-pole or three-pole circuit breaker with common mechanism for
operating the poles

Grounded neutral network Resonant neutral grounding or
Kpp=1.00r 1.3 isolated neutral network
Kp=15

Single earth fault test Double earth fault test

The T100 test The T100 test is
is single-phase three-phase

Further tests are Further tests are performed:

No further performed: | TJO;BLYJ lsc
testing I = lsc nom - N
U =i,/3

B. The Test Sequence

The test sequence consists of a single opening operation.
The test should be carried out on the outer pole, which re-
sults in maximum stress on the actuating mechanism. The
arcing time for this sequence must not be shorter than the
value given by the relation: t; = £; ;50 + 0.7 T/2, where
ta 1002 IS

- The minimum arcing time for the breaking pole af-
ter three opening operations in sequence T100s (if T100s
is carried out in three-phase scheme);

- Minimum arcing time after a T100s sequence (if
T100s is carried out in single-phase schemes);

- T - duration of the current.

Single earth fault tests shall be carried out on one of
the side poles where the operating mechanism is subject-
ed to maximum stress, and double earth fault tests may be
carried out on either pole.

In the case of two tests in a single-phase scheme on a
three-pole circuit-breaker with a common operating
mechanism, they must be carried out on two different
poles in order to avoid stressing a single pole.

C. The Test Voltage

The test voltage must be equal to the rated voltage of the cir-

cuit-breaker for the double earth fault test and U7, /+/3for the
single earth fault test. The following TRV values shall be used:

a) for single earth fault:
e 2-parameter TRV:

Uy = LA (KV); tyqp =

VE

uf.‘l'
= (s

I3

); 1)
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e  4-parameter TRV:

V2 , _ ey
uyp = LA (WV); by = (us)i (2)
Ly
Upep = LA uygp (KV) f2gp = 3ty (ps): (3)
b) for double earth fault:
. 2-parameter TRV:
= W
Uegp = LAULVZ (V) by = (ns): (4)
Lz
e 4-parameter TRV:
Uy = LAUVZ (V)i by = (s)i (5)
Ly
ur.s_rl = .J-"l'uj.sp ':H’T]: t:sr.l = atlsp ':“5]' (6)

D. The Test Current (ls)

The test current (Isc) for the single-phase double earth
fault test according to IEC 62271-100 is 87% of the rated
short-circuit breaking capacity at the terminals. The DC
component of the interrupted current must not exceed
20% of the AC component [7], [8].

The test current for the single earth fault test is equal to
the rated breaking capacity of the circuit-breaker.

I11. SINGLE AND DOUBLE EARTH FAULTS IN POWER
PLANTS

In power plant substations where the connection be-
tween the generator and the associated step-up transformer
is made via generator busbars (IPB), three-phase faults
occur very rarely. The most probable faults are single-
phase phase-to-earth faults and phase opposition. Single
earthing faults in a system with a firmly earthed neutral
sometimes result in a secondary fault on another phase due
to the high transient voltages that occur with this type of fault.

A generator together with its step-up transformer forms
such a system: the neutral of the generator is normally
earthed by a high ohmic resistor or preferably by a Pe-
tersen coil, or generally by a high impedance (including
an insulated neutral), and the low voltage (LV) part of the
step-up transformer is normally connected in delta [5], [11].

Fig. 1. Synchronous generator - circuit breaker - step-up transformer -
high voltage circuit, double earthing on phases B and C.

W, W,, W

E" \T

Fig. 2. Two systems connected by a circuit-breaker, double earth fault
on phases B and C, current on the last pole interrupting the current.
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If both faults are located on the same side of the circuit-
breaker, we have a classic double earth fault with respect
to the circuit-breaker. Fault currents, the current flowing
through the circuit-breaker and the transient recovery
voltage are defined in technical standards.

However, the load on the circuit-breaker is different if
the earth faults are located on different parts of the circuit-
breaker. Assuming that the pole of the circuit-breaker on
the valid phase breaks last, it must interrupt a fault current
under the influence of a transient recovery voltage com-
posed of the voltage on the generator side plus the voltage
on the transformer side.

Theoretically, we have two three-phase voltage sources
(synchronous generator and high-voltage system) with
their own impedances connected to one phase and through
the earth fault to the other two (the streamlined diagram is
shown in Fig.1).

Current Through The Last Interrupting Pole

The analysed situation is shown in Fig. 2. It should be
noted that when poles A and B or A and C are closed, the
currents flowing through these poles are different, so that
interruption of phases B and C does not automatically
mean interruption of phase A.

In Fig. 2, a W system (synchronous generator) is defined
on the left and a Z system (high-voltage step-up transform-
er) on the right. Both systems are characterized by complex
impedances in symmetrical components (the short-circuit
impedances), in the following referred to as W1, W, Wo or
71, Zy, Zo and the voltages Ew and Ez.

It is assumed that the earth faults are on phase B on the
W side and on phase C on the Z side, and that the B and C
poles of the circuit-breaker are already open. The last
phase to interrupt the current is therefore phase A.

The following conditions were defined:
Tya = =Iza
Iy =Izz =
Upa = Uza:
Uy = Uz = 0.
Given a = ¢/ anda® = ¢~/*2%", the sequence of currents
is:
Iwitlwztlwo=-1z1-1z2-1z0;
alwi+alwz+lwo=0;
a2lz1+alzot+20=0;
and the sequence of voltages:
Uwit+UwztUwo=Uz1+Uz+Uzo;
a’UwitaUwz+Uwo=0;

aU21+aZUzz+Uzo:0.
The relationship between the voltage sequence and the
current sequence is given by the following equations:

Uwi=Ew-Wilws;
Uwz=-Walwz;
Uwo=-Wolwo;
Uzn=Ez-Zilz;

Uz=-Z>lz;
Uzo=-Zolz0.
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The system of equations can be solved by substitution
and gives the values of the current and voltage sequences
as functions of Ew, Ez, and impedances. Retransforming to
phase values gives the general expression of the current
through the last interrupting pole [9], [10], [12].

(L-—ai[EA W, + I, + ] [_ Z

AT A A AT T

Iya = i :

= Lo} + Exl it S+ ) (W5 — WL

WL} + (W, + WS+ W f:_'_' + Z 8y + £ Zq)
@)

For simplicity, the following assumptions are made:

- all impedances are predominantly inductive and have
the same angle (same X/R ratio);

- positive and negative sequence impedances are equal;

- the absolute values for Ew and Ez are equal
(Ew=EZ");

- a realistic hypothesis for the configuration in Fig. 1
is that Wo=Z¢— 0.

Thus, we can define the simplified equation for the
current in phase A:

; a—1E +a°E, a—1E/(l+e/'?-1207
wAT 2 W, +zZ, = 2 W, +Z,
YE]
heal = 5 |m|| L+eiemsm)]
B|_E IF(@)l 8
=7l +z,1F @ @)
' o)

Fig. 3. Graph of F(¢) function for Wy=Z,— and Ew=Ee".

Figure 3 shows F(¢) as a function of angle ¢. Note
that for =0°, the generator is operating at no load. For the
maximum of 2, the angle is 120°.

In power plants, the range of Z; is between 0.5 W and
1Wi. The phase A current on the lwa supply side has the
highest value when Z;=0,5W;. In this situation, equation
(8) is simplified:

I F il 9
||_|“.|_| 11-" | ':';.Pl {:I

Ez/W; is the synchronous generator short-circuit cur-
rent.

Thus, under normal operating conditions (0°<@<30°),
the current on phase A remains below the generator short-
circuit current. In summary, this value is exceeded only

under phase shift conditions (by a factor of E =115 atan
angle of 120°).

IV. EXPECTED RESULTS

Using assisted simulation, predicted values were ob-
tained for the single and double earth fault tests.

Figure 4 shows the circuit to obtain the expected values:
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Fig. 4. The circuit used for the test simulation.

In the figure above, a single-phase test circuit is consid-
ered, consisting of two equivalent sources located on each
side of the circuit breaker, denoted by G.

The elements denoted by X represent the equivalent re-
actances used for modeling the source-side networks.

The blocks marked 1 represent equivalent combinations
of capacitors and resistors used to model the transient re-
covery voltage circuit.

To obtain the required values for the circuit breaker, the
following values have been entered for the circuit elements:

- for a single earth fault: source voltage 9.7 kV with a
current of 35 kA, 285 mQ reactance, 2.14 transformer
ratio, and to model the transient recovery voltage, a capac-
itance of 0.25 uF with a resistance of 50 Q;

- for the double earth fault, the same assumed circuit
was used, but the source voltage value was changed to 11.2
kV and 44 kA.

20000

10000
e
. )
0 9 02 03 04 o5
= 10000
20000
~30000

Fig. 5. The shape of the current obtained from the simulation.

t(s)

MNAA
NULINHLI

05

Fig. 6. The shape of the voltage obtained from the simulation.

Numerical simulations (fig.5 and fig. 6) were per-
formed using the dedicated Micro-Cap software to obtain
the predicted values for the single and double earth fault
tests.

For the sake of simplicity, the arcing time of the circuit
breaker was ignored and an opening operation of the
switchgear was performed. A peak current of 31 kA was
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obtained, with an rms value of 14 kA and a voltage of 34
kV for the double earth fault test.

This provides the peak current value required by the test
standards.

0

o 0.0002) 0.0004 0.0006 0.0008 0.001 0.0012

-5000
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-10000
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-15000

-20000

Fig. 7. Transient recovery voltage.

Because the impedance of transformers is generally
higher than that of generators, the TRV value is signifi-
cantly higher. So t;= 60 ps, and Uc= 28 kV. The TRV val-
ues are also required by IEC 62271-100 depending on the
rated voltage of the circuit breaker. Figure 7 shows the
assumed value for a 12 kV circuit breaker.

V. EXPERIMENTAL RESULTS

A 36 kV, 630 A, 16 kA, 630 A vacuum circuit
breaker was used for single and double earth fault
tests. The parameters of the single earth fault test
were: U=36 kV/V3kV =209 kV, I = 16kA (rated
breaking capacity),

2

. nV = . . Hesp
Uesp = LA == = 61.4 (KV)i by 5p = —-= 109 (us):
v ) —=<

ta

The test circuit may be similar to that shown in Fig. 8,
depending on laboratory capacity:

Fig. 8. Test circuit for testing phase opposition using two voltages phase-
shifted by 120 electrical degrees ((1) - combinations of capacitors and
resistors for TRV modelling).

A single-phase test with a Y, connection generator
source was selected:

X
—

OF o] e

Fig. 9. The circuit used for experimental testing.
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The circuit in Fig. 9 is grounded, and the oscillation
factor k used in the transient recovery voltage calcula-
tions is 1.4. The test sequence consists of a single open-
ing operation of the circuit-breaker, the test being per-
formed on a side pole, thus placing maximum stress on
the operating mechanism.

Prior to the single and double earth fault tests, the
T100s test was performed to determine the minimum
arcing time. This was wused in the equation
to = Egp0e +0.7T/2) and by adjusting the opening
command of the device in relation to the current zero
crossing, the maximum arcing time value is obtained.

Figure 10 shows the oscillogram for the single earth
fault test. During the test, the following parameters were
recorded: circuit breaker control current (Ic_lo), recovery
voltage (U), transient recovery voltage, short-circuit cur-
rent (), reference source voltage (Ug), contact stroke on
the stroke sensor, time base (5).

/M\
-
AN

il
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- IAAAAN ANNANNNNANNNANNNANNN
VVVVV VVVVVVVVVVVVVVVVY

....... 7. 1000 ms/dv S320ms

Fig. 10. Oscillogram obtained during the single earth fault test.

Values obtained: peak current value 34 kA; rms current
value 16.1 kA; rms voltage value 36,43 kV.

Fig. 11. Oscillogram obtained during the single earth fault test - details.

Figure 11 shows the same oscillogram, but zoomed in
on the current sine wave to show the value of the 10.8 ms
arc time.
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Fig. 12. Oscillogram obtained during the double earth fault test.

Fig. 13. Oscillogram obtained during the double earth fault test — details.

In the double earth fault test, a current of 30.7 kA peak,
14.1 kKA rms and a voltage of 22.7 kV were obtained. Cap-
tion of the oscillogram: IC_IO shows the control current
through the circuit-breaker's closing or opening coil, rec-
orded by means of a shunt; s - the curve of the motion sen-
sor of the circuit-breaker's moving contacts.

To measure the arcing time, the level previously meas-
ured on the motion sensor at the moment of contact separa-
tion during no-load operation and at the moment of arc
extinction (current passing through zero) and recovery of
the industrial frequency voltage are taken into account. In
this experiment, an arcing time value of 10.7 ms was ob-
tained. The time measured between the occurrence of the
opening command and the moment of contact separation is
44.7 ms, resulting in a total current interruption time of
55.4 ms.

VI. CONCLUSIONS

This article presents the most unfavourable situations
encountered in the operation of circuit-breakers in the
case of single and double earth faults. The case
encountered in substations where the connection between
the generator and the associated step-up transformer is
made through generator bus bars (IPB) is studied and the
current equation for the side interrupting pole is
expressed.

The test results confirm the predicted values for
voltage, current and transient recovery voltage.

The worst case is a double earth fault under phase op-
position conditions. Further tests will be carried out to
verify this, but it is estimated that under normal operating
conditions (0°<@<30°) the current at the last breaking
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pole should not exceed the short-circuit current of the
generator.

Tests will be carried out on the test circuit shown in

Figure 8 and it is expected that the magnitude will in-
crease under phase opposition conditions (by a factor of

2/v3 atan angle of 120°).
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Abstract - Despite its inexhaustible nature, the use of solar
energy is temporally limited. In addition, the efficiency of
fixed photovoltaic panels is influenced by climatic conditions
over a day, resulting in lower efficiency of energy produc-
tion (about 15%). To operate close to the maximum produc-
tion point, the photovoltaic panels must be kept perpendicu-
larly to the solar radiation. Therefore, there is a need for
solutions to improve the energy efficiency of the PV solar
panel and a solar tracker system could be a solution. The
paper presents the features of a bi-axial solar tracking sys-
tem developed by the authors in the laboratory and based
on an Arduino Uno microcontroller platform. A small solar
panel is oriented in the direction corresponding to the max-
imum energy point by means of two servomotors controlled
by the microcontroller platform, which receives the infor-
mation from a system of 4 photodetectors.

Cuvinte cheie: microcontroller, panou solar, fotorezistor,
sistem de monitorizare.

Keywords: microcontroller, PV panel, photoresistor, tracking system.

. INTRODUCTION

The solar energy is an alternative energy source, clean,
easily accessible and inexhaustible.

In order to develop a solar energy conversion system, it
is necessary to know the available potential of the solar
energy in the country, data provided by literature or spe-
cialized sites. Information on solar radiation is available
for two cases of atmospheric transparency: clear sky con-
ditions (nebulosity 0-3 degrees), which characterizes the
maximum possible sun radiation, as well as medium nebu-
lous conditions [1-3].

Sunshine duration is the time interval of a day when the
sun shines and is expressed in hours and tenths of an hour.
In Romania, according to data provided by the National
Meteorological Administration NMA, the highest values,
over 2300 hours per year, are recorded in the south-east of
the country, on the Black Sea coast, due to the clear
weather in the most part of the year and the downstream
airflow at the seaside. Plain regions are distinguished by a
characteristic duration of sunshine generated by the air
mass circulation conditions. Thus, in the Romanian Plain,
the average annual sunshine sums over 2100 hours in the
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eastern and south-east and over 2200 hours in the central
and western parts, predominantly the continental air. In
the Western Plain, it varies between 2047 hours and 2178
hours, under the influence of the oceanic circulation from
the West. In the case of the high mountain ridge regions,
the annual duration exceeds 2000 hours. In hilly and
mountainous regions, mist and heavier skies have a higher
incidence, the average annual sunshine hours are between
1900 hours in hill and plateau areas and 1,600 hours at
altitudes higher than 2500 m. In the intermountain depres-
sions, the duration of the insolation is greatly reduced due
to the obstacles that limit the horizon, as well as the per-
sistence of the fog and stratiform nebulosity due to the
predominant thermal inversions [4-6].

In order to design a solar energy conversion installation,
it is necessary to know the possible solar radiation on the
collector surface of either the solar collector or the photo-
voltaic module. In addition, the solar radiation is a varia-
ble function depending on: site position, season, day,
day’s hour, degree of nebulosity, dust, water vapor and
aerosol content in the atmosphere. The prediction of these
parameters is based on systematic historical measurements
available in NMA publications. In order to maximize the
solar energy extraction process and to increase the effi-
ciency of the photovoltaic system, the solar collector plane
should be normal to the incident radiation. The diurnal
and seasonal motion of the Earth affects the intensity of
the radiation received by the solar collector. A sun track-
ing device allows the solar collector to move in order to
track the solar trajectories and maintain its orientation at
an optimal angle of inclination, thus leading to increased
energy output [7,8].

This paper presents the features of an automatic proto-
type system with bi-axial tracking (azimuth angle and
altitude angle) of solar radiation captured by a small-size
photovoltaic panel. The system was designed, pro-
grammed and developed by the authors in the laboratory,
being driven with a servomotor controlled by a platform
with Arduino microcontroller, which accesses the control
data from photodetectors - photoresistors (LDRS).

Il. THE SOLAR TRACKING SYSTEM’S TECHNOLOGY

A solar tracker allows the sunlight orientation of photo-
voltaic panels, reflectors, lenses, or other optical devices.


mailto:denisa.rusinaru@incesa.ro

Annals of the University of Craiova, Electrical Engineering series, No. 49, Issue 1, 2025; ISSN 1842-4805 elSSN 2971-9852

For the photovoltaic panels (PV) applications, the trackers
are used to minimize the angle of incidence of solar radia-
tion with the panel. This allows for increasing the amount
of energy by comparison with that produced by a fixed
power generation unit.

The solar beam has two components: the "direct beam"
carrying about 90% of the solar energy and the "diffuse
skylight™ carrying the rest - the diffuse fraction increases
proportionally on cloudy days. Since most of the energy is
contained in the direct beam, maximum reception requires
the sun to be as much as possible in the panel's exposure
area. Using a bi-axial solar tracker is extremely beneficial,
following the azimuth and altitude. The bi-axial tracking
device is following the nearly permanent perpendicular
orientation of the sunlight on the controlled panel, result-
ing in a net superior performance over the fixed or with
limited freedom degrees solar panels [9].

There are four main types of solar energy tracking
technologies:

- solar tracker based on photodetectors, achieved with
light dependent resistors (LDRs) [3];

- the astronomical method, using a historical pattern of
annual sunshine radiation [4];

- a digital camera tracker that uses the processed digital
images of the sun [5];

- tracker with hill-climbing algorithm, which uses an it-
erative algorithm to obtain the maximum power point [6].

The prototype system developed by the authors in-
cludes a solar tracker that operates on the basis of infor-
mation gathered by light-dependent resistors LDRSs.

A photoresistor is a passive device whose resistance
changes under the influence of a luminous flux. It is
based on the phenomenon of photoconductivity by which,
the electrons released under the action of light radiation
increase the electrical conductivity of the semiconductor
and implicitly decrease the resistance of the resistor. This
property is used to locate the sun's position. In LDR-
based solar tracking systems, three or more sensors are
arranged in different ways to locate the sun's position.
The method used by the prototype tracker uses shadow
formation by changing the position of the sun to locate its
current position with 4 LDR sensors. They are located
one in the immediate vicinity of the other, being separat-
ed from dark areas (partitions) with an LDR sensor in
each area. The data achieved from different LDR’s are
compared to determine relative radiation and therefore to
find the sun's position relative to the panel. This data are
provided to an Arduino microcontroller platform, which
calculates the difference and controls two actuators to
align the panel. This method of tracking the sun is cheap
and relatively simple. Photoresistors tracking tools have a
position control system that periodically checks the cur-
rent position of the panel.

Nevertheless, this method has the disadvantage of low-
er precision for the weather with cloudy sky or fog. The
system tends to enter in a stand-by mode, which leads to
substantial energy consumption [7].

I1l. THE CONFIGURATION AND COMPONENTS OF THE SOLAR
TRACKER SYSTEM

A. Characteristics of Component Parts

The tracking system includes in principle two subsys-
tems: the mechanical subsystem and the electrical one,
with the block diagram shown in Fig.1.

Power
supplying
source

PV panel

SO
S

Block diagram of the solar tracker system

P
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ARDUINO Uno platform
with microcontroller
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=
w

R

LDR4

Fig. 1.

The mechanical subsystem is represented by the metal
structure supporting the PV panel and allowing it to rotate
with 180° around the vertical axis and 90° around the hori-
zontal axis.

The electrical subsystem consists of:

i) Arduino Uno platform control module with AT-
mega328P microcontroller [8];

ii) powering module with battery type 9V or HUAWEI
100-input 240 V AC, 50 Hz, 0.5 A, 12 VDC output, 1.5
A

iii) data acquisition module with 4 Token photoresis-
tors, 150 V cc, 100 mW, 30 ... 90 kQ resistance to 10 Ix;

iv) 2 controlled actuators for solar panel positioning,
type FS5109M, with following characteristics: supply
voltage 4.8 ... 6 V; speed 0.16 sec / 60 degrees at 6V, 0.18
sec / 60 degrees to 4.8V; torque 10.2 kgf x cm at 6V, 9 kgf
X c¢cm at 4.8 V; rotation angle 1800 counterclockwise;
weight 56 g.

The system controls a PV mini panel of 30 x 25 cm?, 4
x modules (6x12 cells), with a surface of 0.075 m? and an
efficiency of 12% vyield. It works only in the presence of
the sunlight.

LDRs detect the intensity of light incident to the solar
panel and send sequentially information to the Arduino
microcontroller that controls the powering of the two ser-
vomotors. The actuators’ control is performed according
to the algorithm implemented on the Arduino platform.
This one will move the solar panel toward the LDR whose
resistance will be lower, that is the one on which the light
beam falls so that the panel will continue to follow the
light.

If two neighboring LDR units are subject to equal light
radiation, then the connected servomotor will not be actu-
ated. This one will attempt to move the solar panel to the
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position where both LDRs will have the same resistance
(when exposed to the same light radiation) and will rotate
only if the resistance of one of LDRs will decrease (ac-
cording to higher sun radiation) [10-13].

B. System Architecture

Execution of the control algorithms for actuating the
positioning servomotors of the PV mini-panel’s support
structure is performed in accordance with the wiring dia-
gram included in the solar tracker are detailed in Fig.2 and
architecture shown in Fig.3.
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Fig. 3. Picture of base plate subsystem control with Arduino Uno
platform

The connections of the servomotors to Arduino are ac-
cordingly to Fig. 3, the following:

- positive servomotor pin to microcontroller’s + 5V
pin;

- servomotor’s negative terminal to GND pin of mi-
crocontroller;

- the signal cable of the actuators connected to the mi-
crocontroller’s digital pin 9 (horizontal actuating), respec-
tively 10 (vertical actuating).

The connection of photoresistors to Arduino is
achieved as:
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Connection of the control subsystem components to the microcontroller platform

- terminal 1 of photoresistor 1, 2, 3, respectively 4 to
pin AO, respectively Al, A2, A3 of microcontroller;

- terminal 2 of photoresistor 1, 2, 3, respectively 4 to
pin + 5V of microcontroller.

IVV. ANALYSIS OF THE SOLAR TRACKER SYSTEM
PERFORMANCES

A. Test Conditions

The solar tracker prototype system shown in Fig.4 has
been tested under real conditions for different daytime and
atmospheric conditions.

Fig. 4. Bi-axial solar tracker system controlled with Arduino platform
and LDR photoresistors - laboratory prototype
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The test site is located on the INCESA Applied Science
Research Infrastructure building of the University of Cra-
iova, at a height of 20 m. The geographic coordinates of
the location are 44.3302 ° N x 23.7949 ° E.

According to NASA application Power Data Access
Viewer [6], the annual solar radiation at the terrestrial
surface, available at the location with indicated coordi-
nates, has registered a value of approximately 1347 kwh /
m? year during the past year (01.01.2024-01.01.2025), as
in Fig.5.

The application also allows computing the maximum
power value produced by the controlled PV panel of 8W
power and 12% efficiency under climatic and environ-
mental conditions specific to the considered location [7].

As it can be seen in Fig. 6, for annual solar radiation of
1347 kWh / m?, a maximum power of about 9 kWp can be
estimated to be delivered by the actuated PV panel.

Parameter Charts

All Sky Insolation Incident on a Horizontal Surface v

MR @

kW-hr/m~ 2/day

7

B. Testing the Performances of the PV System with
Solar Tracker

Determining the performance of the PV power system
oriented with a solar tracker requires the determination of
the characteristic electrical values for different PV panel
orientations, given by the panel’s tilt angle and the rota-
tion of its support frame.

The PV’s panel position controlled by the solar tracker's

electrical subsystem is depending on the available sun
radiation at that time for the chosen location.

The results of successive readings of the operation elec-
trical values associated with different light conditions and
correspondent positions of the mechanical structure are
given in Table I.

Experimental testing of the solar panel tracking system
has led to the extraction of important observations that
allow comparison of the performance of the tracked solar
panels with those of the similar fixed panels.

Latitude: a4
Time Extemnt:

Longitude:

1.01.2024-01.01.2025

23,7949

Elevation: 1514 meters

Hover for charting tools |

01.01.2024

01.03.24

01.05.2024

(Days)

01.06.2024

01.03.2023 01.11.2024 01.01.2025

kw-hr/m~2/day

Data Availability
Jan 1 1981 - near-real time (Meteorclogy)
July 1 1983 - near-real time (Solar)
*Missing data and/or no data periods are not plotted.
Fig. 5. Annual solar radiation at ground level of approx. 1347 kwh / m2.year - 44.3302 ° N (lat) x 23.7949 ° E (long), 01.01.2024-01.01.2025)

(NASA Forecast of Worldwide Energy Resource POWER Higher Resolution Daily Time Series 1/2 x 1/ 2 degree, Climatology Resource for SSE-
Renewable Energy)
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Yelow cell = enter your own data
Green cell = result {do not change the valug)
White cell = calculated valus (do not change the valug)

Global formula : E=A"r"H*PR

E=Energy (kWh) glkWh
A =Total solar panel Area (m?) 0.075|m?
1= solar panel yield (%) 12%

H = Annual average imadiation on tilted panels (shadings not included)* 1347 |KWh/
PR = Performance ratio, coefficient for losses (range between 0.9 and 0.5, default value = 0.75) 0.75

Total power of the system kWp

Losses details (depend of site, technology, and sizing of the system)
- Inverter losses (6% to 15 %) 8%
- Température losses (3% to 15%) 8%
- DC cables losses (1 to 3 %) 2%
- AC cables losses (1to 3 %) 2%
- Shadings 0% to 40% (depends of site) 3%
- Losses weak imadiation 3% yo 7% 3%
- Losses due to dust, snow... (2%) 2%
- Other Losses 0%

Fig. 6. Computing of the power of PV panel injected in the specified

location

TABLE I.
OUTPUT ELECTRICAL VALUES OF THE PV MINI-PANEL ACCORDING TO
RADIANCE (MAY 2024, 14:00)

Weather conditions
PV panel’s Cloudy Partly cloudy Sunny

values Tracker [ Tracker | Tracker [ Tracker | Tracker | Tracker

off on off on off on

Tilt Ha‘:('l': 45° | 50° | 45° | 350 | 45 | 40°
angle(de| Vert

g) L 0° 15° 0° 15° 0° 15°
axis
Open circuit

voltage Voc, | 14.200 | 14.500 | 18.900 | 19.020 | 18.900 | 19.020
V)

Short circuit | 48 | 0050 | 0180 | 0.200 | 0318 | 0.340
current Isc, (A)

Maximum | gg1 | 0725 | 3402 | 3.804 | 6.010 | 6.466
power, (W)
Power gain

with tracker, 5.986 10.567 7.061

(%)

It can be seen that the maximum output power of the
panel increases by up to 11% for panel displacements up
to (35° 15° by comparison with the value corresponding
to the fixed reference position (45° 0°). Further testing
measurements confirm the opportunity of extending the
prototype application in order to increase the efficiency of
a larger-scale PV installation [14, 15].

V. CONCLUSIONS

The paper presents the characteristics and performance
of a prototype bi-axial tracking system of small solar pan-
els, designed, programmed and developed by the authors
in the laboratory.

The purpose of the solar tracker is to track the position
of the sun for a better efficiency of the solar installations
with PV panels, as demonstrated by the experimental re-
sults.

fan

Itz
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System performance can be improved by using smarter
and more efficient sensors, as well as individual compo-
nents with lower power consumption (e.g. servomotors).

These measures would make possible to increase effi-
ciency and reduce the time till the break even.
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Abstract - Accurate estimation of photovoltaic (PV) energy
production is essential for ensuring the optimal design, op-
eration, and economic viability of solar installations. How-
ever, discrepancies often arise between predicted and actual
energy yields, particularly in regions characterized by vari-
able meteorological conditions. The paper presents a synthe-
sis of methods for estimating energy production of photovol-
taic systems. For two types of residential systems located in
Craiova, a comparative analysis is presented between the
estimated values obtained using the most efficient methods
and the actual measured values. The research combines
simulation-based predictions with real operational data
collected over a defined monitoring period to evaluate the
accuracy of commonly used estimation models. To estimate
solar radiation and energy production, some of the most
common specialized software for renewable energy sources
were used. The findings reveal that estimation tools tend to
overpredict energy output during periods of high tempera-
ture and unstable atmospheric conditions, while performing
more accurately during stable seasonal intervals. These re-
sults highlight the importance of localized calibration of
prediction models and the integration of detailed climatic
data for improving accuracy. The study contributes valua-
ble insights for system designers, operators, and policymak-
ers seeking to enhance PV system reliability and advance
renewable energy planning in Romania and similar climatic
regions.

Cuvinte-cheie: sisteme fotovoltaice rezidentiale, energie esti-
mata, energie produsa, radiatie solara.

Keywords: residential photovoltaic systems, energy estimation
energy production, solar irradiation.

. INTRODUCTION

The rapid global expansion of photovoltaic (PV) tech-
nologies has intensified the need for accurate methods of
estimating energy production in order to ensure efficient
system design, economic feasibility, and long-term opera-
tional reliability [1]. In this context, comparing estimated
energy output with actual measured production is essential
for evaluating both the performance of PV installations
and the accuracy of the prediction models employed. Such
assessments are particularly relevant in regions with vari-
able climatic conditions, where meteorological fluctua-
tions can significantly influence solar energy yields.

Craiova, located in the southwestern part of Romania,
represents an area characterized by a temperate-
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continental climate with distinct seasonal variations.
These conditions can lead to notable discrepancies be-
tween predicted and real PV energy generation, making
the region suitable for case studies aimed at performance
evaluation and model validation. Understanding these
discrepancies is crucial for improving forecasting meth-
odologies, optimizing system configurations, and enhanc-
ing the overall reliability of renewable energy integration
into the local grid.

Energy production estimation for PV systems can be
conducted through various approaches, depending on the
desired level of accuracy, the availability of input data,
and the intended application (e.g., system design, perfor-
mance monitoring, research). Existing literature [2], [3],
[4] has addressed this topic extensively, with most studies
focusing on the quantification of available solar radiation.

The present paper outlines several specific methods for
evaluating the energy production of residential photovol-
taic systems located in a specific area [5],[6],[7]. The cho-
sen location is the city of Craiova, Romania. The photo-
voltaic energy production estimated using these methods
is compared with the actual energy generated by residen-
tial photovoltaic systems.

A comparative case study is conducted on two residen-
tial PV configurations: an off-grid system with panels
installed on a flat terrace and a grid-connected system
with panels mounted on a pitched roof.

A preliminary version of this study was presented in

[5].

Il. A COMPARATIVE ANALISYS OF THE METHODS USED
TO ESTIMATE THE ENERGY PRODUCED BY PHOTOVOLTAIC
SYSTEMS

In the specialized literature, numerous methods exist for
estimating the energy output of photovoltaic (PV) sys-
tems. Essential factors that must be considered in any es-
timation method include [8], [9], [10]:

o |ocal solar irradiation — the primary variable

e panel orientation and tilt

o effect of temperature

o |osses: cables, inverter, shading, dust, mismatch
o annual panel degradation (0.3-0.8% per year)

e system availability (operating time without interrup-
tions).
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A synthesis of the main estimation methods is presented
below:

1. First-approximation method

This approach is based on simple theoretical estimates
using the equation [5]:

E=G-Ap [kwWh] @h)
where:

E-energy produced [kWh]

G-average annual solar irradiation (irradiance)
[kWh/m?]

A-PV panels area surface [m?]
n- overall efficiency (panels + inverter + losses).

This method is fast and easy to apply, but does not ac-
count for seasonal variations, detailed losses, or specific
local conditions.

2. Method based on climatological data and correction
factors

This method uses meteorological databases (e.g., Mete-
onorm, PVGIS) for radiation and temperature, applying
specific loss factors such as those caused by temperature,
shading, or soiling of the PV modules.

It offers greater accuracy by using real-world data, but
requires access to climatic datasets and knowledge of the
installation parameters [8], [9].

3. Computer simulation (dedicated software)

Examples of software include PVGIS, PVsyst,
PV*SOL, Helio Scope, and SAM (NREL).

These tools model the PV system using actual parame-
ters and hourly meteorological conditions, including 3D
shading effects [9], [10].

Such methods are highly accurate and ideal for system
sizing and economic analysis, but may require a license,
as well as time for detailed modeling.

4. In-situ measurement method

This approach involves radiation and temperature sen-
sors that measure actual production over a short period
(e.g., several months), followed by long-term extrapola-
tion [4].

It accurately reflects local conditions, but requires a
longer time to obtain estimates and entails additional
equipment costs.

5. Statistical method based on similar installations

Historical data from PV systems with comparable char-
acteristics and location are used.

This method is quick and based on real performance re-
sults, but depends on the availability of relevant data and
the exact similarity of operating conditions.

The above methods are summarized in Table I, and a
complexity—accuracy analysis of these methods is illus-
trated in the chart shown in Figure 1.

The selection of an appropriate method for estimating
the energy production of photovoltaic systems depends on
the purpose of the analysis and the required level of accu-
racy. Software simulations are suitable for preliminary
assessments and system sizing, whereas on-site measure-
ments provide more precise data, essential for detailed
feasibility studies and performance optimization.

A 2024 study [11] shows that PV system performance
depends significantly on local climatic conditions (irradi-
ance, temperature, humidity, and losses) and recommends
incorporating all these factors into the modelling frame-
work to obtain realistic predictions.

The comparative analysis [12] highlights that the choice
of the irradiance database (satellite products, reanalysis
data, or ground measurements) strongly influences pro-
duction estimates — differences between datasets can lead
to substantial variations in the predicted annual energy
yield.

Recent research [13] emphasizes that software-based
simulation methods — integrating irradiance, module
temperature, losses, and degradation — provide the most
robust production estimates, particularly when input pa-
rameters are well characterized.

For short-term forecasting (hours to days), hybrid ap-
proaches that combine physical models, automatically
bias-corrected climatological data, and machine-
learning/statistical techniques tend to reduce errors com-
pared to simple baseline methods [14].

TABLE I.
COMPARATIVE TABLE OF METHODS FOR ESTIMATING THE ENERGY OUTPUT OF PHOTOVOLTAIC SYSTEMS
Method Principle Required Data Deviation Advantages Disadvantages Example
Applications
Simple Calculates energy Average annual +20-30% | Fast, easy to Does not account for Preliminary
Theoretical based on average irradiation, panel apply, does not seasonal variations, estimates,
Estimation solar radiation and surface area, overall require software detailed losses, or local | concept-stage
overall efficiency efficiency conditions projects
Climatological Uses tilted-plane Monthly/hourly +10-15% | Relatively Requires reliable local Technical and
Data + | irradiation and meteorological data, accurate, accounts | data economic
Correction associated loss technical for real losses feasibility studies
Factors factors parameters of the
system
Software Models the system Detailed +5-10% Highly accurate, Requires software and Professional pro-
Simulation using actual meteorological data, includes shading, modeling time jects, tenders,
parameters and panel and inverter orientation, and investment analy-
hourly conditions specifications, site degradation sis
geometry
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(Simple estimation

statistical data

NCOn-si
/\On site measurements

{Software simulation

“{Climatic data + correction
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3 4

Complexity (1 = low, 4 = high)

Fig. 1. PV energy production estimation methods. Complexity versus accuracy

The accuracy of PV energy yield estimation is most
commonly determined by comparing the estimated output
with the measured production and quantifying the devia-
tion. For instance, in the case of a simple theoretical esti-
mation method, a 30% deviation corresponds to an esti-
mated accuracy of approximately 70%. According to the
chart in Figure 1, it can be observed that, in terms of com-
plexity and accuracy, methods based on dedicated simula-
tion software and those employing on-site measurements
are the most suitable.

Therefore, in the case study presented in this paper,
these methods will be applied.

I1l. IMPLEMENTATION OF ENERGY YIELD ESTIMATION
METHODS FOR PHOTOVOLTAIC SYSTEMS LOCATED IN
CRAIOVA

The case study analyzes the energy production of two
types of residential photovoltaic systems located in Craio-
va, Romania. The first photovoltaic system is an off-grid
type with PV panels mounted on a terrace, while the sec-
ond system is an on-grid type with PV panels mounted on
a pitched roof.

A. Off Grid Photovoltaic System

The off-grid photovoltaic system (Figure 2) has the fol-
lowing characteristics:

- PV capacity: 3 kWp

- PV module type: 12 polycrystalline silicon PV mod-
ules, model Conergy 245P

- total module area: 20 m?

- PV module efficiency: 15.6%

Because solar radiation is the most important parameter
for estimating the energy production of photovoltaic sys-
tems, in the first part a comparative analysis is made be-
tween the estimated and the real, measured solar radiation.

To estimate the solar irradiation and the energy produc-
tion, the PVGIS24 software was used.

23

The PVGIS software, through the GIS component, pro-
vides information about the geolocation of the analyzed
photovoltaic system as seen in Figure 2.

Fig. 2. Geolocation of photovoltaic system

PVGIS24 is a modernized version featuring an ad-
vanced interface, geolocation through Google Maps, and
complex simulations with multiple inclinations and orien-
tations. It includes intuitive charts, CSV/JSON export
options, and an analysis of natural terrain shading; howev-
er, it does not account for artificial obstacles such as trees
or buildings.

Key Features of the PVGIS24 Software:

« Estimation of annual energy production (kwWh), equiv-
alent full-load hours at nominal power (KWh/kWp),
monthly distribution, and graphical tools to support opti-
mization.

« Data export capabilities in CSV, JSON, or PDF for-
mats.

* Integrated Financial Simulator that enables the as-
sessment of self-consumption, cost savings, and return on
investment (ROI) by incorporating information on energy
consumption, costs, subsidies, and other parameters.
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« High flexibility, making it suitable for both basic users
and professionals (households, institutions, consultants,
etc.).

« High accuracy, based on satellite-derived datasets and
climate reanalysis.

» Terrain shading analysis, particularly relevant in
mountainous regions or densely built urban areas.

The simulation results are presented in Figure 3. In es-
timating solar irradiation and energy production using the
PVGIS software, in addition to the technical characteris-
tics of the photovoltaic system, other real operating condi-

tions were also considered, such as the positioning of the
PV panels, the tilt angle, and related parameters.

Measurement of solar irradiation was carried out with
the monitoring equipment of a photovoltaic system locat-
ed in Craiova (Figure 4 and Figure 5).

Weather parameters were monitored online and stored
on an SD card.

Data is downloaded in * CSV format that can be easily
imported into Excel and then processed in the desired
form.

Monthly irradiation on fixed plane

Annual irradiation: 1,455.03 kWh/m?

250 Month kWh/m?2 %
01- January 4227 291%
02 - February 60.15 413%
0 03- March 110.64 7.60%
T 04 - April 150.09 10.32%
£ 05-May 185.44 12.74%
E 06 - June 199.24 13.69%
B 07-July 213.56 14.68%
g w 08- August 187.32 12.87%
£ 09 - September 134.02 9.21%
© 10- October 89.20 6.13%
11- November 46.34 3.18%
7 12 - December 36.77 2.53%

! 1 2 3 4 5 6 7 8 9 10 1 12
Month

Fig. 4. Equipment for measuring weather parameters: 1- pyranometer; 2-
anemometer.

Radiation 898 W/m~2
Module temp 37.3 °C
Ambient temperature 27.6 °C
Wind speed 31 m/s
Radiation (external) 0 W/m*2

Fig. 5. Window of monitoring system

The resulting graph of solar radiation monitoring is pre-
sented in Figure 6 during the year 2025, up to the present.

24

225

206,22 208

g

157,3162,14

g

g

Trradiance [kWh/m”2]

w1
(=]
'

o

Jan.

Feb. Mar. Apr. May Jun.

Jul.  Aug. Sep. Oct. Nov. Dec.

Fig. 6. Monthly irradiation on PV plan measured during the year 2025

To verify the accuracy and performance of the monitor-
ing system's pyranometer, a Skylinx weather station con-
taining a high-precision pyranometer was used.

The used pyranometer to measure the global solar irra-
diation was Li-200S, manufactured by Li-Cor Inc. Lin-
coln, Nebraska, US, (City, State if US, Country), with a
measurement error £5%, and with a measurement accura-
cy comparable to pyranometers of class 1, according to
[15]. This pyranometer transmits a current output signal
with a sensitivity of 10 pA at 1000 W/m?,

For the comparative analysis, two days with different
levels of solar radiation were taken into account, namely
2025.01.15 and 2025.06.15. The resulting graphs are pre-
sented in Figure 7 and Figure 8, respectively.
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As seen in Figures 7 and 8 the measurements obtained
from the two pyranometers show no significant differ-

=g P\/ Monitoring system == @==sWeather station

ences
0 Based on the solar radiation graphs presented in Fig-
= 600 ures 3 and 6, a comparative analysis was made between
E 500 the estimated and calculated solar radiation. The numeri-
z cal values are presented in Table I1.
g 400 TABLE II
= T ESTIMATED AND MEASURED SOLAR RADIATION VALUES DURING THE
s YEAR 2025
E 200 Estimated solar | Measured solar | Relative devia-
= Month radiation radiation tion
o kWh/m? | [KWh/m?] [%]
"gsgm32589823952595%5 Jan. 42,27 >7.2 2610
NS S ANMMYT MO G~ KOO0 o Feb. 60,15 71,4 15,75
oo o0 o0 A A A4 A A -d 4 " 4 A A A ~ &
Mar. 110,64 120,7 8,33
Fig. 7. Chart of global solar irradiation, measured on 2025.01.15 Apr. 150,09 157,3 4,58
May 185,44 162,14 14,37
g P\ MoNitoring system == @ = \Weather station Jun. 199,24 206,22 3,38
1200 Jul. 213,56 208 2,67
Aug. 187 225 16,88
— L Sep. 134 160 16,25
E Oct. 89 104 14,42
= 800
E Nov. 46 35 31,42
§ 600 Average 128,25 136,99 14,01
2 value
= 400 According to the values presented in the table I, there
§ is an average relative deviation between the estimated and

200 measured solar radiation of 14.01 %. It is mentioned that
the comparative analysis was made until December 2025,
the current moment when the article was elaborated.

Similarly, for the photovoltaic system analyzed using
the PVGIS24 software, the estimated energy production
graph was generated (Fig. 9).

07:00
07:45
08:30
09:15
10:00
10:45
11:30
12:15
13:00
13:45
14:30
15:15
16:00
16:45
17:30
18:15
19:00
19:45
20:30

Fig. 8. Chart of global solar irradiation, measured on 2025.06.15

Monthly energy production from the photovoltaic system

Annual photovoltaic energy production : 3,802.40 kWh

Variability from year to year : 3.58% (136.15 kWh)

600 Month kwh %
01 - January 113.25 2.98%
500 - 02 - February 167.06 4.39%
g 03- March 30571 8.04%
S - 04- April 40217 10.58%
2 05- May 48431 12.74%
= 06- June 510.04 13.41%
3 07- July 540.39 1421%
5 08- August 476.00 12.52%
s 09 - September 349.25 9.18%
10- October 237.03 6.23%
W ” 11 - November 121.91 3.21%
= 12- December 95.29 2.51%

! 1 2 3 4 5 6 7 8 12
Month

Fig. 9. Monthly energy production from the off-grid PV system — estimated values

Over the course of one year, the monthly solar irradia- To perform a comparative analysis between the esti-
tion reaches approximately 1445 kWh/m?, whereas the  mated photovoltaic energy production and the actual pho-
annual energy output of the PV system amounts to 3802  tovoltaic energy production, data provided by the PV sys-
kwh. tem’s own monitoring system were used.
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The data regarding energy production were processed
and presented in a graphical format suitable for compara-
618,66 62

tive analysis (Fig. 10, 11).
675
4
600
500 471’9486,42 480
400 362,1
312
300
214,2
200 1716
105

1 l v

0

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Fig. 10. Monthly DC energy production from the PV system measured

800

700

Q

Output DC Energy [kWh]
(=]

=)
(=]

during the year 2025
600
9,540
494,928
500
= 389,136
E 400 377,52 384
4,
2 300 289,68 B
) 2496
=
L5}
O 200 171,36
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=
& 84
£ 100
@]
. -
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Fig. 11. Monthly AC energy production from the PV system measured
during the year 2025
Based on the energy production graphs presented in
Figures 9 and 11, a comparative analysis was made be-
tween the estimated and calculated output energy. The
numerical values are presented in Table I1I.

TABLE Il
ESTIMATED AND MEASURED OUTPUT ENERGY VALUES OF PV SYSTEM
DURING THE YEAR 2025

Estimated Measured AC | Relative devia-
Month output energy output energy tion
[kWh] [kWh] [%]
Jan. 113,25 137,28 17,50
Feb. 167,06 171,36 2,50
Mar. 305,71 289,68 5,53
Apr. 402,17 377,52 6,52
May 484,31 389,136 24,45
Jun. 510,04 494,928 3,05
Jul. 540,3 499,2 8,23
Aug. 476 540 11,85
Sep. 349 384 9,11
Oct. 237 249,6 5,04
Nov. 121 84 44,04
Average 336,89 328,79 12,53
value

According to the values presented in the Table III,
there is an average relative deviation between the estimat-
ed and measured output energy of 12.53%.

In general, the differences between the estimated and
measured energy are not significant. The exception is No-

vember, because in 2025 it was an atypical month, with
few sunny days.

B. On grid photovoltaic system

The on-grid connected photovoltaic system (without
storage) is installed at a residential house and mainly con-
sists of:

* 16 photovoltaic panels grouped into two strings (PV1
and PV2), each with 8 panels;

* a single-phase HUAWEI SUN2000-6KTL-L1 in-
verter with a power rating of 6 kW.

The photovoltaic panels are mounted in a fixed posi-
tion on the south-facing slope (PV1) and the west-facing
slope (PV2) of the building’s roof. The main technical
characteristics of a photovoltaic panel are as follows:

- PV capacity: 7,4 kWp

- type of PV panels: monocrystalline - half-cell PV
modules, model Huawei, MF0020, 465 W

- photovoltaic surface area: 35,34 m?

- PV panel efficiency: 21,05%

Fig. 12. Image of the PV panels mounted on the West facade of the roof
(PV2 string)

The PV system contains a monitoring software applica-
tion called Fusion Solar. This is Huawei’s inverter soft-
ware ecosystem for PV system monitoring and manage-
ment. It includes a mobile application and a web plat-
form/cloud-portal.

The web platform is often called SmartPVMS — Smart
PV Management System — and enables the management,
monitoring, and maintenance (O&M) of PV plants.

A screenshot of the main application screen is shown in
Figure 13.

This image displays the energy produced by the PV
system instantly.

PV
e 7
P= =N
0.589
kW
NN ==
(kd3Y]
Load Grid

Fig. 13. The main screen of FusionSolar application

Similarly, to the previous example, the estimation of
energy production was performed using the PVGIS24
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software. The simulation result is illustrated in the graph
shown in Figure 14.

By employing the FusionSolar monitoring software as-
sociated with the Huawei inverter, the actual energy out-
put of the photovoltaic system was recorded.

The monthly graph of the energy produced throughout

the year 2025, up to the present, is presented in Figure 15.

As in the previous case, to make a comparative analy-

sis between the estimated and measured energy, the nu-
merical values were represented in Table V.

.

Monthly energy [ ion from the pk ltaic system

Variability from year to year : 3.58% (136.15 kWh)

600

400

PV energy output [kWh]

Annual photovoltaic energy production : 3,802.40 kWh

Month kwh %

01- January 113.25 2.98%
02 - February 167.06 4.39%
03- March 305.71 8.04%
04- April 40217 10.58%
05- May 484.31 12.74%
06-June 510.04 13.41%
07-July 540.39 14.21%
08 - August 476.00 12.52%
09 - September 349.25 9.18%
10- October 237.03 6.23%
11- November 121.91 321%
12- December 95.29 2.51%

Fig. 14. Monthly energy production from the on-grid PV system - estimated values
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Fig. 15. Monthly energy production from the on-grid PV system measured during the year 2025

TABLE IV
ESTIMATED AND MEASURED OUTPUT ENERGY VALUES OF ON GRID PV
SYSTEM DURING THE YEAR 2025

Estimated output Measured output Relative
Month energy [kwh] energy [kwh] deviation [%]
Jan. 334 405 17,53
Feb. 452 384 17,70
Mar. 758 619 22,45
Apr. 930 880 5,68
May 1059 949 11,59
Jun. 1090 1132 3,71
Jul. 1169 1040 12,40
Aug. 1087 1008 7,83
Sep. 839 763 9,96
Oct. 639 505 26,53
Nov. 358 198 80,80
Average 792,27 716,63 19,65
value

According to the data in the table, it can be observed
that the difference between the estimated energy and the
measured energy is 19.65%, which is approximately 7%
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higher compared to the previously analyzed off-grid PV
system.

IV. DISCUSSIONS

The comparative analysis performed for the two photo-
voltaic systems highlights several important aspects re-
garding the accuracy of energy production estimation
models under the climatic conditions specific to the Cra-
iova region. In both case studies, the simulation results
obtained with the PVGIS24 software show a tendency to
overestimate the actual energy output. This effect is con-
sistent with observations reported in the literature, espe-
cially for areas characterized by variable atmospheric
transparency, periods with increased cloudiness and ele-
vated temperatures during the summer months.

For the off-grid system, the average deviation between
estimated and measured energy production is 12.53%.
This value indicates a relatively good agreement between
the prediction models and real-world operating conditions,
with the exception of specific months in which irradiation
variability was more pronounced. The November devia-
tion corresponds to an atypical month in terms of solar



Annals of the University of Craiova, Electrical Engineering series, No. 49, Issue 1, 2025; ISSN 1842-4805 elSSN 2971-9852

availability, which confirms the sensitivity of simulation
tools to meteorological anomalies not fully captured in
historical databases.

The on-grid system exhibits a higher average deviation
of 19.65%, approximately 7% above the value obtained
for the off-grid system. This difference can be attributed to
several technical and environmental factors: 1) the pres-
ence of two roof orientations—south and west—which
introduces non-uniform irradiation profiles; 2) higher op-
erating temperatures on rooftop-mounted modules, which
reduce electrical efficiency; and 3) potential partial shad-
ing or local obstacles not considered in the PVGIS terrain-
based shading model. Additionally, inverter clipping dur-
ing periods of high irradiance may contribute to reduced
energy Yield, especially for the 6 kW inverter operating
with a 7.4 kWp installed capacity.

Solar radiation analysis further indicates an average de-
viation of 14.01% between estimated and measured irradi-
ation. Since irradiation is the primary variable used in PV
energy models, this discrepancy directly influences the
accuracy of the estimated energy outputs. Therefore, im-
proving the precision of local irradiation data—through
the use of in-situ sensors, long-term monitoring, or refined
satellite datasets—would significantly enhance predictive
accuracy.

Overall, the study confirms that while PVGIS24 pro-
vides reliable preliminary estimations, localized calibra-
tion and real-time monitoring remain essential for accurate
performance assessment, system optimization, and in-
vestment decision-making.

V. CONCLUSIONS

This research presents a comparative evaluation of es-
timated and measured energy production for two residen-
tial photovoltaic systems installed in Craiova, Romania.
The results demonstrate that simulation tools such as
PVGIS24 offer reasonably accurate predictions but tend to
overestimate the real energy yield, with deviations ranging
between 12% and 20% depending on system configura-
tion and seasonal conditions.

For the off-grid system, the average deviation of
12.53% indicates that the estimation model performs well
when the installation is less influenced by complex shad-
ing or thermal effects. In contrast, the on-grid rooftop sys-
tem shows a higher deviation of 19.65%, emphasizing the
influence of module orientation, roof mounting tempera-
ture effects, and other local factors not fully integrated
into the simulation model.

The comparison of estimated and measured solar radia-
tion further reveals an average deviation of 14.01%, sug-
gesting that irradiation data is a major source of uncertain-
ty in predictive simulations. This finding reinforces the
importance of continuous on-site monitoring using cali-
brated pyranometers to improve long-term prediction ac-
curacy.

In conclusion, the study shows that software-based es-
timation remains a valuable tool for preliminary design,
feasibility studies, and performance assessment. However,
for detailed analysis and optimization, real operational
data and localized calibration are indispensable. Future
work may focus on integrating machine-learning-based
correction models, extending measurement campaigns,
and developing hybrid datasets combining satellite and in-
situ information to further enhance prediction accuracy for
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photovoltaic systems in Romania’s variable climatic con-
ditions.
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Abstract - This paper presents an experimental demonstra-
tion of a basic bidirectional energy transfer consistent with
the Vehicle-to-Everything (V2X) concept, using a commer-
cial Battery Management System (BMS) not originally in-
tended for automotive applications. A 14-series (14S) lithi-
um-ion battery pack integrated with a 48 VV BMS and a bi-
directional inverter is experimentally evaluated under low-
power operating conditions. The study focuses on practical
system integration, protection behavior, and cell balancing
functionality using minimal laboratory equipment. The re-
sults show that essential BMS functions are sufficient to
support controlled bidirectional energy flow at low power
levels, highlighting both the feasibility and limitations of
low-cost BMS-based V2X experimental setups.

Cuvinte cheie: baterie, sistem de management al bateriei
(BMS), vehicul electric (EV), capabilitate V2X.

Keywords: battery, battery management system (BMS), electric
vehicle (EV), V2X capability.

I. INTRODUCTION

Battery Management Systems (BMS) are essential
components for the safe and reliable operation of lithium-
ion battery packs in electric vehicles (EVS), stationary
storage systems, and other energy-related applications.
Their primary role is to ensure that battery cells operate
within predefined electrical and thermal limits by continu-
ously monitoring cell voltages, current, temperature, and
state of charge (SOC), while implementing protection and
balancing mechanisms to prevent degradation or hazard-
ous conditions [1]-[3]. Advanced BMS architecture also
includes model-based estimation algorithms and diagnos-
tic functions [4], [20].

Traditionally, BMS architectures are designed to sup-
port unidirectional energy flow, where the battery pack is
charged from an external source and discharged to supply
a dedicated load. In this context, the BMS mainly func-
tions as a supervisory and protective unit, without actively
participating in energy exchange control beyond enforcing
safety constraints [5]. However, the increasing penetration
of electric vehicles and distributed energy resources has
accelerated interest in bidirectional energy transfer con-
cepts, commonly referred to as Vehicle-to-Everything
(V2X). V2X encompasses Vehicle-to-Grid (V2G), Vehi-
cle-to-Home (V2H), and Vehicle-to-Load (V2L) interac-
tions, enabling batteries to act as temporary energy storage
units capable of supplying external loads or the electrical
grid [6], [7]- The economic and grid-support potential of
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V2G systems has been extensively analyzed in the litera-
ture [8].

In conventional automotive implementations, V2X
functionality relies on advanced power electronics, dedi-
cated communication protocols, and grid-compliant con-
trol strategies, typically integrated into the wvehicle’s
onboard charger and energy management system [4]. Such
systems are complex, costly, and tightly coupled with
manufacturer-specific hardware and software platforms.
Consequently, experimental access to V2X functionality is
often limited, particularly in academic or educational envi-
ronments.

From a theoretical perspective, the feasibility of bidi-
rectional energy flow is primarily governed by the capa-
bility of the power conversion stage and the BMS to main-
tain safe operating conditions during both charging and
discharging processes. While the inverter or bidirectional
converter determines the direction and quality of energy
transfer, the BMS remains responsible for enforcing volt-
age limits, current constraints, and cell balancing require-
ments [5], [9]. Even in the absence of grid-synchronized
control or communication layers, a BMS that ensures sta-
ble and balanced operation of a battery pack can enable a
basic form of bidirectional energy utilization, particularly
at low power levels.

In this context, the present work investigates the use of
a commercial 14S, 48 V BMS, originally intended for
light electric mobility applications such as electric scoot-
ers, in a simplified experimental configuration aimed at
demonstrating fundamental V2X principles. The BMS is
integrated with a 14-cell lithium-ion (18650) battery pack
and a commercially available bidirectional inverter, form-
ing a laboratory-scale system capable of charging the bat-
tery pack and subsequently supplying an external AC load
of up to 100 W. Unlike full-scale automotive V2X sys-
tems, the proposed setup does not implement grid interac-
tion, communication protocols, or active power control
strategies. Instead, it focuses on the physical feasibility of
bidirectional energy transfer under the supervision of a
standard BMS.

The main objective of this study is to experimentally
assess the role of essential BMS functions (cell voltage
monitoring, protection mechanisms, SOC supervision, and
cell balancing) in supporting controlled bidirectional oper-
ation using accessible and low-cost components. By em-
phasizing practical system integration and real operating
conditions, this work aims to bridge the gap between theo-
retical V2X concepts and simplified experimental valida-
tion platforms.
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Having established the theoretical background and mo-
tivation for employing a non-automotive BMS in a bidi-
rectional energy flow scenario, the following sections pre-
sent the materials, methods, and experimental setup in
detail, followed by an analysis of the observed system
behavior and limitations.

Il. MATERIALS, METHODS AND SCHEMATICS OF THE

PRACTICAL INSTALLATION

A. System Architecture and Practical Implementation

The overall electrical configuration of the experimental
setup, including the battery pack, Battery Management
System (BMS), inverter, and protection elements, is illus-
trated in Figure 1.

Fig. 1. Electrical wiring diagram of the practical installation.

Figure 1 illustrates the electrical wiring diagram of the
proposed experimental setup, which represents a laborato-
ry-scale implementation of a bidirectional energy transfer
system supervised by a Battery Management System
(BMS). The schematic provides a detailed representation
of the electrical interconnections between the battery pack,
the BMS, the inverter, and the external load, emphasizing
the practical realization of the system under real operating
conditions.

The core of the installation consists of a 14-series (14S)
lithium-ion battery pack, assembled from individual
18650 cells and connected to a commercial 48 V BMS.
Each cell connection is routed to the BMS through dedi-
cated sense wires, enabling continuous monitoring of in-
dividual cell voltages. This configuration allows the BMS
to detect voltage imbalances and activate the internal bal-
ancing circuitry when predefined thresholds are exceeded.
The BMS is connected in series with the battery pack on
both the charging and discharging paths, ensuring that all
current flowing into or out of the battery is supervised and
protected.

A bidirectional inverter is interfaced with the battery
pack through the BMS power terminals, enabling the con-
version between direct current (DC) and alternating cur-
rent (AC). In charging mode, the inverter operates as an
AC-DC converter, supplying controlled DC power to
charge the battery pack. In discharging mode, the inverter
converts the DC energy stored in the battery into AC
power to supply an external load. The inverter selection
was based on compatibility with the nominal 48 V battery
voltage and the availability of integrated protection feature
relevant for experimental validation.
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To ensure operational safety and facilitate experimental
observation, additional protective and measurement com-
ponents were incorporated into the installation. A fuse
rated at 16 A was placed in series on the main DC power
line supplying the inverter, providing protection against
overcurrent and short-circuit conditions. A manual DC
disconnect switch was also included, allowing complete
electrical isolation of the inverter from the battery pack
during setup, maintenance, or emergency conditions.

Electrical measurements of the battery pack voltage and
current were performed using a combined voltmeter—
ammeter instrument connected in series with the DC link.
This instrumentation enables real-time monitoring of the
charging and discharging processes, ensuring that the op-
erating limits defined by the BMS—namely maximum
charging voltage and minimum discharge voltage—are
not exceeded. On the AC side, the inverter output is pro-
vided through a standard Schuko socket, allowing the
connection of common household loads. For experimental
evaluation, a low-power load was selected to ensure oper-
ation within the safe current limits of both the inverter and
the BMS.

The schematic shown in Figure 1 bridges the gap be-
tween theoretical V2X concepts and their practical realiza-
tion by illustrating a simplified but functional configura-
tion. While the setup does not include grid synchroniza-
tion, communication interfaces, or advanced energy man-
agement algorithms, it captures the essential elements
required for controlled bidirectional energy transfer. This
approach enables a clear assessment of the role played by
the BMS in supervising battery operation during both
charging and discharging phases.

The experimental methodology adopted in this work
focuses on repeatable charge—discharge cycles performed
under controlled conditions. During each test, the battery
pack is charged up to the maximum allowable voltage
defined by the BMS and subsequently discharged by sup-
plying an external AC load until the minimum voltage
threshold is reached. This procedure allows direct obser-
vation of BMS protection behavior, inverter operation,
and cell balancing activity, providing a consistent basis for
the analysis presented in the following sections.

B. Experimental Procedure

The experimental evaluation was carried out through
controlled charge—discharge cycles to assess the behavior
of the Battery Management System (BMS), the inverter,
and the battery pack during bidirectional energy transfer.
All tests were performed under laboratory conditions, with
operating parameters selected within the nominal limits
specified by the equipment manufacturers.

Prior to testing, the battery pack connections and BMS
sense wiring were verified, and the initial state of charge
(SOC) of the individual cells was assessed by measuring
their open-circuit voltages. The charging process was per-
formed using the inverter operating in AC-DC mode,
while the battery voltage and current were continuously
monitored. Charging was terminated when the total pack
voltage reached 58.8 V, corresponding to 4.2 V per cell in
the 14S configuration.

Subsequently, the system was operated in discharging
mode by supplying a low-power AC load of approximate-
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ly 45 W through the inverter in DC-AC conversion mode.
The discharge process was stopped when the battery volt-
age decreased to the minimum allowable limit of 44.8 V
(3.2 V per cell). During both operating modes, the activa-
tion of BMS protection and cell balancing functions was
monitored through voltage and current measurements. The
experiments were repeated under identical conditions to
ensure repeatability, and the recorded data were used for
the analysis presented in the following sections

I1l. EQUIPMENT USED IN ASSEMBLY

A. Battery pack

The experimental setup employs a lithium-ion battery
pack assembled from cylindrical 18650 cells, a widely
used cell format in energy storage and electric mobility
applications due to its favorable energy density, availabil-
ity, and cost-effectiveness [2]- [10]. The 18650 cells have
standardized mechanical dimensions of 18 mm in diame-
ter and 65 mm in height, which facilitates modular pack
assembly and reproducibility of experimental configura-
tions. However, lithium-ion chemistry imposes strict safe-
ty constraints regarding voltage and temperature limits
[11].

The battery pack used in this work consists of 14 lithi-
um-ion cells connected in series (14S configuration), re-
sulting in a nominal voltage compatible with the selected
48 V Battery Management System (BMS). The individual
cells are of type 18650C, manufactured by YDJW, with a
nominal energy rating of 9.25 Wh per cell. The main elec-
trical and thermal characteristics of the employed cells are
summarized in Table I.

TABLE I.
TYPICAL SPECIFICATIONS OF THE 18650 LITHIUM-ION CELLS USED IN
THE BATTERY PACK

Parameter Value

Nominal cell voltage 3.7V

Cell capacity 2200-3500 mAh
Nominal energy 9.25 Wh
Continuous discharge rate 2C-20C
Recommended charging current 0.5C-1C

Cycle life 500-800 cycles
Operating temperature 0°Cto 45°C
Cell mass 45-50 g

Cell dimensions 18 mm x 65 mm

The selection of 18650 cells is justified by their stable
voltage characteristics over a wide state-of-charge (SOC)
range and their suitability for low- to medium-power ex-
perimental applications. These characteristics make them
appropriate for investigating controlled charge—discharge
behavior under the supervision of a commercial BMS.

B. Inverter

The conversion between direct current (DC) and alter-
nating current (AC) in the proposed setup is performed
using a Mean Well NTS-450 inverter. This inverter gener-
ates a pure sinusoidal AC output and is commonly em-
ployed in off-grid, mobile, and backup power systems due
to its reliability and integrated protection features
[10].[13].
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In the present application, the inverter serves a dual
role: it enables charging of the battery pack from an AC
source and, during discharging, supplies AC power to an
external load. The inverter was selected based on its com-
patibility with the nominal 48 V battery voltage and its
power rating, which significantly exceeds the low-power
experimental load used in this study, ensuring operation
within safe limits. The electrical characteristics and pro-
tection thresholds were verified using the manufacturer’s
official technical documentation [15].

The main characteristics of the inverter relevant to the
experimental setup are summarized in Table II.

TABLE II.
MAIN CHARACTERISTICS OF THE INVERTER USED IN THE
EXPERIMENTAL SETUP

Parameter Value

Inverter model Mean Well NTS-450

Rated output power 450 W

Input voltage 48V DC

Output voltage 230 VAC

Output waveform Pure sine wave

Efficiency >90% (typical)

Integrated protections | Overload, short circuit, over-
temperature, low battery voltage

By operating the inverter well below its rated power,
the experimental setup minimizes thermal stress and con-
version losses, allowing a clearer assessment of the BMS-
supervised bidirectional energy flow.

C. BMS (Battery Management System)

The battery pack is supervised by a commercial 14S, 48
V Battery Management System designed for lithium-ion
battery applications. The primary function of the BMS is
to ensure safe battery operation by continuously monitor-
ing electrical parameters and enforcing protection thresh-
olds during both charging and discharging processes.

The BMS supports cell balancing, which is essential for
series-connected battery packs to reduce voltage imbal-
ances caused by manufacturing tolerances, aging effects,
or uneven load distribution. The employed BMS imple-
ments passive balancing, where excess energy from high-
er-voltage cells is dissipated as heat through resistive ele-
ments [5]. Compared to passive balancing, active balanc-
ing improves overall efficiency and enhances the usable
capacity of the battery pack, particularly in low-power,
long-duration applications. Passive balancing remains the
most used method in low-cost commercial BMS imple-
mentations due to its simplicity and reliability [12].

The codification and main electrical characteristics of
the employed BMS are presented in Table Il1.

The selected BMS operates as a supervisory and protec-
tive element rather than an active energy management
controller. Nevertheless, its essential functions—cell volt-
age monitoring, protection enforcement, and balancing—
are sufficient to support the low-power bidirectional ener-
gy transfer investigated in this work.

State-of-charge estimation methods typically rely on

coulomb counting and model-based correction techniques
[18].
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TABLE IIl.
MAIN SPECIFICATIONS OF THE BATTERY MANAGEMENT SYSTEM

Parameter Value

Cell configuration 14S

Nominal pack voltage 48V

Maximum charging voltage 58.8 V

Minimum discharge voltage 448V

Maximum continuous current 20A

Cell balancing Passive /  Active  (model-
dependent)

Protection functions Overcharge, over-discharge, over-
current, short circuit, temperature

SOC estimation Yes

IV. RESULTS AND PRACTICAL ASSEMBLY

This section presents the experimental results ob-
tained from the practical implementation described in
Section 1I, with emphasis on charging and discharging
behavior, protection enforcement by the Battery Man-
agement System (BMS), and the observed effectiveness
of cell balancing in a low-power bidirectional energy
transfer scenario.

A. Practical Assembly and Initial Observations

The practical assembly of the experimental setup ena-
bled direct observation of BMS-supervised battery opera-
tion during controlled charge—discharge cycles. Initial
measurements indicated small voltage differences between
individual cells within the 14S lithium-ion battery pack,
attributable to manufacturing tolerances and prior usage
history.
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Fig. 2. Cell balancing technique.

Figure 2 provides a conceptual reference for interpret-
ing experimental observations related to cell imbalance
and subsequent voltage equalization during system opera-
tion.

B. Charging and Discharging Experimental Results

During the charging phase, the battery pack voltag
increased progressively under BMS supervision unt
reaching the maximum allowable voltage of 58.8 V (4.2
per cell). The charging process was terminated at thi
threshold, confirming correct overvoltage protection be
havior. No abnormal current levels or protection-triggere
interruptions were observed.

In the discharging phase, the inverter supplied a low-
power external AC load rated at approximately 45 W. The
battery voltage decreased smoothly until the minimum
cutoff limit of 44.8 V (3.2 V per cell) was reached, at
which point the discharge process was stopped in accord-
ance with the BMS protection strategy. Deep discharge
below recommended voltage thresholds significantly ac-
celerates capacity degradation in lithium-ion cells [12].

Charged 90% _

Discharged
bl
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TABLE IV.

EXPERIMENTAL CHARGING AND DISCHARGING RESULTS

Parameter Charging Discharging
phase phase

Battery pack voltage range [V] | 53.1-58.8 58.8 -44.8
Average battery current [A] 2.2 0.95
Peak battery current [A] 2.8 11
AC load power [W] 45
Operating mode AC-DC DC-AC

The measured values indicate stable system operation
well within the continuous current rating of the BMS, val-
idating the suitability of the selected components for low-
power bidirectional operation.

C. Cell Balancing Performance

Initial voltage measurements revealed a noticeable,
though moderate, dispersion among the individual cell
voltages within the battery pack. During successive
charge—discharge cycles, the BMS automatically activated
its cell balancing function, resulting in a gradual reduction
of voltage differences between cells. Cell-to-cell varia-
tions significantly influence long-term performance and
lifetime in automotive battery packs [21].

TABLE V.

CELL VOLTAGE DISPERSION BEFORE AND AFTER BALANCING
Operating condi- | Max cell | Min cell | Voltage
tion voltage [V] voltage [V] difference

[mV]
Before balancing 411 4.01 100
After balancing 4.07 4.04 30
During discharge 3.46 3.42 40

The quantitative reduction in voltage dispersion con-
firms the effectiveness of the balancing mechanism in
maintaining a more uniform state of charge across the
series-connected cells.

To further contextualize these results, representative
battery behavior with and without effective balancing is
illustrated in Figures 3-6.

Figure 3 shows the battery pack at full charge under
balanced conditions, where cell voltages are nearly uni-
form, confirming effective BMS supervision.

Fig 3. Battery pack at full capacity

Figure 4 illustrates a mismatched discharged pack,
highlighting voltage dispersion between cells that can lead
to premature cutoff and reduced usable capacity.

Figure 5 presents full discharge with active balancing
enabled, demonstrating improved voltage uniformity and
better energy utilization.
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Figure 6 depicts charging without balancing, where
certain cells reach the maximum voltage limit earlier, in-
creasing the risk of overvoltage protection activation.

Lower Capacity Cells
't':.i'l'argoh'?ur

Fig 6. Charging without balancing
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D. Discussion and System-Level Interpretation

The experimental observations confirm that one of the
primary responsibilities of a BMS—maintaining lithium-
ion cells within safe operating limits—is effectively ful-
filled during both charging and discharging. This function
becomes particularly relevant in bidirectional energy
transfer scenarios, where repeated cycling may otherwise
accelerate cell degradation. Repeated cycling associated
with V2X services may increase degradation if proper
voltage and thermal control is not enforced [14], [16].

Although the internal balancing algorithm of the
commercial BMS used in this study is not directly acces-
sible, the observed voltage convergence behavior is con-
sistent with the decision-making principles illustrated in
Figure 7.

To emphasize the scope and originality of the pro-
posed setup, a comparison with conventional automotive
V2X systems is presented in Table VI.

Overall, the results validate the original contribution of
this work: a standard, low-cost BMS can effectively su-
pervise controlled bidirectional energy transfer under la-
boratory conditions, enabling functional demonstration of
fundamental VV2X principles using accessible components.
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Fig. 7. Flowchart of active cell balancing method.

TABLE VI.
COMPARISON BETWEEN THE PROPOSED EXPERIMENTAL SETUP AND
CONVENTIONAL V2X SYSTEMS

Feature Proposed setup | Automotive V2X
systems

BMS type Commercial, Automotive grade
non-automotive

Powver level Low (<100 W) kW range

Grid synchronization | No Yes

Communication No Yes

protocols

Intended application Experimental / | Grid services
educational

Advanced prognostic approaches based on probabilis-
tic models are increasingly used for remaining useful life
prediction in lithium-ion batteries [19].

V. CONCLUSIONS

This paper presented an experimental validation of a
simplified bidirectional energy transfer setup supervised
by a commercial Battery Management System (BMS) not
originally intended for automotive applications. A 14-
series lithium-ion battery pack integrated with a 48 V
BMS and a commercial inverter was successfully operated
under controlled laboratory conditions to supply a low-
power external AC load.

The experimental results demonstrated that essential
BMS functions—cell voltage monitoring, protection en-
forcement, and balancing—are sufficient to ensure safe
and stable operation during both charging and discharging
at power levels below 100 W. Measured voltage and cur-
rent profiles confirmed correct activation of overvoltage
and undervoltage protection thresholds, while observed
reductions in cell voltage dispersion validated the effec-
tiveness of the balancing mechanism.
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Although the proposed setup does not implement grid
synchronization, communication protocols, or active pow-
er management strategies required for full VVehicle-to-Grid
(V2G) operation, it provides a practical and reproducible
platform for preliminary testing and educational demon-
strations of fundamental VV2X concepts. The use of acces-
sible, low-cost components highlights both the feasibility
and the inherent limitations of non-automotive BMS solu-
tions in bidirectional energy transfer applications.

Future work will focus on extending the experimental
platform toward higher power levels, integrating meas-
urement of individual cell currents, and exploring ad-
vanced control strategies to bridge the gap between sim-
plified laboratory demonstrations and fully compliant
V2X systems.
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Abstract - The purpose of this work is the implementation
and experimental validation of a quasi-oriented rotor flux
control algorithm on a full scale, railway locomotive traction
system. This control method can be useful for industrial
applications based on DSPs which have limited computation
power, given the fact that the real time flux-oriented control
needs relatively high computation power, especially for the
flux estimator. The advantage of this method is given by the
elimination of flux estimation as it assumes the control sys-
tem is oriented. This way, a processor hungry control sec-
tion is avoided, the flux control loop being also avoided. The
control algorithm had been implemented in the Matlab
Simulink environment, using the dSPACE RTI toolbox, for
the DS1103 prototyping board. The dSPACE board had
been used for the control of the full-scale traction system
experimental stand.

Cuvinte cheie: control cu orientare dupa camp, sistem de
tractiune, control cu DSP.

Keywords: field-oriented control, traction system, DSP control.

I. INTRODUCTION

For its known advantages, the induction motor is wide-
ly used for the traction system of modern rail vehicles
[11[2][3][4]. Irrespective to the vehicle traction power, the
traction system is equipped with multiple relatively large
power induction motors. The control of the traction sys-
tem is assured by a DSP [5]. For the most railway vehi-
cles, the power inverter is fed from the overhead catenary
by means of a power transformer and bidirectional rectifi-
er (necessary to recover the braking energy to the power
grid. A new type of railway vehicles is the battery fed
locomotives which can recover the braking energy by
charging the battery [6]. The disadvantage of induction
motor traction systems is given by the relatively complex
and computing hungry closed loop control system. An
example of such a control system is the rotor field-
oriented control algorithm which can give good results,
but which needs the estimation of the motor flux [4][5].
The flux estimator is sensitive to computing error; there-
fore, it needs a high-performance DSP which can give a
sufficiently small sample time [7][8].

Another limitation of such systems is the relatively low
switching frequency of the power inverter transistors
which leads to high current ripple.

The prototyping systems are characterized by high
computing power (as dSPACE DS1103, for example [9]),
but industrial DSPs have limited computing power, which
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means that the sample time is inevitably higher for the
latter. High sample time values lead to cumulative compu-
ting errors which can further lead to instable and peculiar
system response, different than the response defined by
the equations [7].

An alternative to a small sample time is a simpler con-
trol algorithm, obtained by eliminating the flux estimator
and assuming that the control system is oriented. The con-
trol algorithm becomes quasi-oriented, which had been
validated on a small-scale experimental system [10].

After the introduction, the simplified, quasi-oriented
control algorithm is briefly described in the second sec-
tion, and its implementation is presented in the third sec-
tion. The experimental setup is described in the fourth
section and the experimental results are discussed in the
sixth section. Finally, the conclusions are drawn.

Il. SIMPLIFIED ROTOR FIELD ORIENTED CONTROL
ALGORITHM

For the rotor field-oriented control, the motor currents
are computed in a rotating referential (d-g) which is syn-
chronized with the rotor flux. Because the flux estimator is
no longer used, the rotor flux is now unknown, so the al-
gorithm uses the assumption that the system is oriented.
The advantage is given by the fact that the flux estimator
is not used. This implies that the flux controller can be
eliminated also. The disadvantage is given by the fact that
the active and magnetizing motor current components
cannot be regulated separately (on the d and g axes) but
commonly, by regulating the motor current magnitude
[10].

The simplified control is illustrated in Fig. 1 [10],
where:

- [m| - motor current magnitude computation

block;
- Ri - motor current magnitude controller;
- VSI - voltage source inverter;
- - Sinusoidal control signals generator;
- 178 - slip frequency computation block.

The algorithm inputs are the imposed rotor flux and the
imposed motor speed. For a given flux value, assuming
that the control system is oriented, the imposed magnetiz-
ing current is [12][10]:

dy,

. 1
iy=—- | W, +T - — 1
sd I—m ( rd r dt J ()
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Fig. 1. Block diagram of the simplified field-oriented control algorithm
where: board, programmed in Matlab Simulink (the machine code
- Lm - magnetizing inductance; was obtained by compiling the model, using Simulink
] ) Coder and dSpace Real Time Interface library - Fig. 2.
- Yu - rotor flux on d axis or the referential; Although the actual control system is synthetized in a
- T, - rotor circuit time constant: grouped subsystem, some auxiliary blocks are needed:
- Model input signals, from the power section — the
measured quantities from the transducers are ac-
L. L,+L, quired by the DS1103 analog to digital converters
T, :R_ = —R ) and made available to the model as Simulink sig-
r r nals by means of the RTI blocks attached to the
_ board hardware resources,
- Lo - rotor leakage inductance; o The DS1103 analog inputs range is
- R - rotor resistance. +10V, so the transducers output signals

The active current (q axis) is obtained at the output of
the speed controller.

The imposed active and magnetizing currents are used
for the magnitude of the imposed motor current phasor,
which is regulated by a proportional-integrative regulator
(Fig. 1):

The feedback quantity of the current magnitude control-
ler is the real motor current phasor magnitude (computed
from the sampled stator currents in the stationary refer-
ence frame [1][7], using the Clarke transform.

The current magnitude controller gives the amplitude
modulation index (“ami” in Fig. 1) for the three-phase
sinusoidal control voltages, software generated based on
the motor frequency and slip frequency. The slip frequen-
cy is computed considering the imposed active current,
and flux [12]:

x L

£ =i m

— 3
2. Wy T, ©

The software generated control voltages are applied to
the sinusoidal PWM modulator.

I1l. SIMPLIFIED ROTOR FIELD CONTROL ALGORITHM
IMPLEMENTATION

The control algorithm has been experimentally validat-

ed on a full-scale locomotive traction stand. The imple-
mentation was done for a dSPACE DS1103 prototyping
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had been calibrated to this range — yel-
low Gain blocks in Fig. 2. are used to de-
normalize the analog measured signals;

- Model output signals to the power section — gat-
ing pulses for the power transistors (obtained by
the integrated PWM modulator), validation logic
signals;

- Local blocks needed for real time control, im-
posed quantities and interlocks.

Although the inverter is controlled by the DS1103
board, the power inverter has its own local DSP who man-
ages the power system initialization and protection (over-
current, overvoltage, etc.). This means that some valida-
tion signals are exchanged between the DS1103 and the
local DSP. A special kind of control signals received by
the DS1103 are the signals from the locomotive control
panel (containing the torque and speed levers).

The actual field-oriented control simplified algorithm is
detailed in Fig. 3. It can be seen that the control system
has two validation signals:

- The main validation signal, en, which validates
the flux-imposed value and the current controller;

- The secondary validation signal, which validates
the speed controller, the torque to active current
conversion block (for manual, torque control), and
the active current value.

The speed controller is a special proportional-
integrative controller whose limits are dynamically adjust-
ed (the upper and lower limits are given by the torque
imposing lever.
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The remaining blocks in the control subsystem are:

- third motor phase current computation
block (because only two currents are acquired);

- imposed torque to imposed
active current conversion block;

im abc
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Fig. 3. The simplified field-oriented control system
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- f2 RFOC - computes the slip frequency;

- TL_module - computes the imposed motor
current magnitude from the d and g axis currents;

- is_abctois alfa, is_beta - computes the meas-
ured motor current magnitude n the ap referen-
tial,

- isd-ird_from_Ec_Rot - gives the imposed
magnetizing current for the imposed flux;

- sine_generator - software generator of the
three phase control signals for the PWM modula-
tor.

The real-time control of the experimental system is
done using a virtual control panel, built in ControlDesk
NG, which gives the interface between the operator and
the Simulink model parameters and signals [9][13]. By
modifying the model block parameters, the validation sig-
nals and the control system parameters can be modified in
real-time. The Simulink model signals can also be dis-
played on panel meters and virtual scopes.

At the same time, the panel meters are displaying in-
stantaneous model signal values, so in order to virtually
measure RMS or mean values, the corresponding quantity
computing block is necessary.

The virtual control panel of the experimental traction
system, captured during an experiment is illustrated in
Fig. 4.

The data displayed on the virtual oscilloscopes was dec-
imated, given the large timespan (75 s), therefore the low-
er left scope (displaying the three phase duty factors) is

current controller output and the current in the d-q referen-
tial) are displayed correctly.

IV. EXPERIMENTAL SETUP

The main elements of the experimental stand are:
- Single phase boost rectifier;

- Three-phase traction inverter;
- Three-phase traction motor;

o Un = 1400 V, Iy = 576 A, Py = 1.39
MW;
o fn=62.5Hz; ny = 1250 rpm.

The traction inverter is dedicated to the traction motor,
so its rated parameters are in accordance. The inverter
power source is a single-phase boost rectifier, which can
have bidirectional power flow (the braking energy is re-
covered to the power grid). The DS1103 board controls
only the inverter power transistors, the transistors if the
boost rectifier are controlled by the power section local
DSP (the traction rectifier was used just as power source,
the DS1103 board cannot modify the imposed DC-Link
voltage, but the work status of the rectifier is controlled by
the DS1103 by means of the binary validation signals ex-
changed with the local DSP).

V. EXPERIMENTAL RESULTS

The experimental protocol considered the following
steps:

- The system is initialized (the rectifier is connected

to the grid and the DC-Link capacitor is charged

distorted. The low rate of change quantities (motor speed, to 1800 V);
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- The motor is magnetized (for this step, only the
flux imposing system and the current controller
are validated, the imposed torque to active current
converter block and the speed controller being in-
hibited);

- The traction motor is accelerated to 2500 rpm and
the stationary regime is obtained;

- The motor is decelerated to 1000 rpm.

The relevant quantities had been recorded by the
DS1103 and saved as Matlab workspace file. The record-
ed signals were subsequently analyzed in Matlab.

As stated, the first step of the experiment consisted in
accelerating toe traction motor to twice the rated speed,
when the motor is magnetized. For this, the two validation
signals are set one by one (the torque and speed subsys-
tems are manually validated when the motor is magnet-
ized. The motor imposed/assumed flux is illustrated in
Fig. 5. The imposed flux reaches the steady state value
(motor rated flux) in 1 s. For this, the d axis-imposed cur-
rent is given in Fig. 6. The necessary current in order to
obtain 2.76 Wb is 277 A.

After another 3 s, after the motor flux reaches the
steady state value, the speed control subsystem is validat-
ed, and the first imposed speed of 2474 rpm is established.
The imposed speed increases linearly from close to 0 to
the steady state value in 20 s. The first interesting thing is
that when the motor is only magnetized (the first 4 s of the
experiment), although the imposed q axis current is null
(Fig. 8. ), more than that, the speed control subsystem is
inhibited, the motor real speed is not null, but about 72
rpm. The fact that the motor was not driven at this time is
further confirmed by the estimated -electromagnetic
torque, presented in Fig. 9.

Wra
3
z? /ﬂ
1
0 L
-0.000664652 23.735 47.4707 t [s]
Fig. 5. The motor imposed flux
800
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600 4
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< 200 %MWL
° |
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-400 - r
-0.000664652 23.735 47.4707 t [s]
Fig. 6. Imposed d axis current
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It must be mentioned that the speed controller was de-
signed to have the imposed speed equal to the real speed
when the controller is inhibited, so the initial imposed
speed is not null, but equal to the real speed of 72 rpm.

The motor speed catches up with the imposed value,
although an overshoot of about 3% is noted. An important
fact is that the traction motor is driven idle. The steady
state q axis current is 75 A. The settling time is about 15 s.

It can be seen that above the motor rated speed, the flux
is diminished (the d axis-imposed current is corrected with
the speed).

After the steady state regime is settled, the imposed
speed is reduced to 1000 rpm. The imposed g axis current
becomes negative (as well as the estimated torque), as the
motor enters the electromagnetic braking regime. Again,
the motor speed follows the imposed speed. The motor
estimated flux (given by the d axis current) increases to
the motor rated value, as the speed decreases to and bel-
low the rated speed.

The motor current magnitude is illustrated in Fig. 10. It
results that the current control is good, but the current con-
troller is somewhat slow, and the fast transients of the
imposed current are missed. Although, the motor perfor-
mance (respective to the speed) is not affected.

Looking at the current controller output signal (Fig. 11.
— the amplitude modulation index), it results that the trac-
tion system has sufficient power reserve.

It must be mentioned that at 61th second (experiment

time) the system is manually powered off (by resetting the
two validation signals).
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CONCLUSIONS

The simplified rotor field-oriented control system was
successfully validated on the experimental full scale trac-
tion system with good speed regulation results, given the
fact that the orientation is only assumed. The filed weak-
ening regime is also obtained with good performance. The
DSP sample time for the experiment was 40 ps, but the
control algorithm can be used with equally good results
with sample times as high as 100 ps. The speed control
was good even more so as the idle motor control is diffi-
cult. The drawback of the control system is given by the
fact that the motor tends to rotate at low speed, when only
magnetized, even the fact that the q axis current is null
(and the entire speed and torque subsystem is inhibited).
This happens also due to the fact that the motor is idle (so
the resistant torque is low), which is not the case of a
heavy railway vehicle.
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Abstract - This paper presents a comparative analysis of Active Power Filters (APFs) have emerged as an effec-
control strategies applied to active power filtering, aiming to  tive solution for compensating harmonic and reactive cur-
compensate a nonlinear three-phase load with a current of  rents, offering superior performance compared to passive
20 A per phase. The study focuses on the comparison be-  filters and rapid adaptability to load variations [3]-[6]. The
tween direct power control (DPC) and indirect current con- performance of an APF strongly depends on the control
trol, analyzed in two distinct configurations: (i) reference  strategy employed.

current calculation based solely on the voltage regulator, This paper focuses on a comparative analysis between
and (ii) reference current calculation including the active indirect current control (CI) and direct power control
component of the load current. The active power filter sys-  (ppc) two efficient methods for active power filtering
tem is r?odec:ed an 5|mltjllat_ed " the L\/I;t_lab/ S'myl'nk e [71-[12.], [16], [17]. Indirect current control is investigated
ronment and subsequently Implemented In rea’ me on the 4, %yq configurations: (i) with the reference current calcu-
dSPACE DS1103 platform for experimental validation. The lated solely from the DC-link voltage regulator, and (ii)

evaluations are carried out under identical load conditions, i the reference current calculated based on the active
allowing for a relevant and fair performance comparison.
load current [16].

Experimental results highlight the ability of both strategies . ] .
to reduce harmonic distortions and compensate reactive The system is modeled and simulated in
power, while showing notable differences in terms of total ~ Matlab/Simulink and implemented in real time on the
harmonic distortion (THD), DC-link voltage stability, and ~ dSPACE DS1103 platform [13]-[15]. The comparative
dynamic response to load variations. The comparative anal- ~ analysis evaluates the performance of both strategies in
ysis provides a clear perspective on the advantages and limi-  terms of harmonic reduction, reactive power compensa-
tations of each method, emphasizing the impact of the refer-  tion, and dynamic response, providing relevant conclu-
ence current calculation approach on the overall perfor-  sions for practical applications in power quality improve-
mance of the active power filter and its relevance for practi- ment.

cal power quality compensation applications.

Il. THEORETICAL BACKGROUND

Nonlinear loads degrade power quality by introducing
harmonics, reactive power, and voltage distortion. Unlike
passive filters, active power filters use power electronics
to inject controlled compensating currents, maintaining
Keywords: active power filter, direct power control (DPC),  nearly sinusoidal supply currents in phase with the grid
indirect current control, nonlinear three-phase load, total har- voltage and thus reducing THD.
monic distortion (THD), reactive power compensation, real-
time implementation.

Cuvinte cheie: filtru activ de putere, control direct al puterii
(DPC), control indirect al curentului, sarcind neliniard
trifazatd, factor total de distorsiune armonica (THD), compen-
sarea puterii reactive, implementare in timp real.

A. Concept of Indirect Current Control

Indirect current control (ICC) is an effective method for
operating APFs by regulating the reference compensating

I INTRODUCTION current calculated from the DC-link voltage and/or the
The increasing use of power-e'ectronic-based equip_ active |Oad Cur_rent._ The ICC principle is illustrated in the
ment has led to a proliferation of nonlinear loads in distri- ~ block diagram in Fig. 1 [6], [13]-[20], where:
bution networks, generating harmonic and reactive cur- - LF. —interface filter;
rents that degrade power quality, increase system losses, - TU - voltage transducer;

and affect the operation of sensitive equipment [1], [2].
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Fig. 1. Single-line diagram of a parallel three-phase active power

filter with indirect current control.

- X —multiplication block which multiplies the volt-

age controller output with the voltage template.

In this work, ICC has been implemented on the
dSPACE DS1103 platform, ensuring sinusoidal supply
currents in phase with the grid voltage while effectively
compensating harmonic and reactive components.

B. Direct Power Control
The Direct Power Control algoritm its described in Fig.2.

Phase angle Phasar " Switching | ...
" sector =
calculation L table IGBT
Hale Power P dp
Taabe ts| 4.

¥
0;~0 k.

+ controller

g £+ P, §-
| R

regulator
Fig. 2.

-

Block diagram for direct power control

The power components (instantaneous active and reac-
tive powers, p and q) are computed from the supply volt-
ages and the grid currents. The reference reactive power is
set to zero in order to ensure reactive power compensa-
tion, whereas the reference active power is defined as the
product of the voltage controller output and the DC-link
voltage across the compensation capacitor (Fig. 2). The
power controllers are implemented as hysteresis-band
controllers [17].

In the design of the switching table, twelve sectors cor-
responding to the possible positions of the voltage space
vector in the fixed (o,p) reference frame are considered, as
a function of the angle 6 (Fig. 3).

TABLE I.
SWITCHING TABLE FOR THE ADOPTED DpC [17]
dp dq |6, |8 | 8; | B; [ Bs | B | B; | 8 B | B Oy | O
101 11 100 000 110 m 010 000 011 m 001 000
1 1 111 000 000 11 m 000 000 m m 000 000
0 101 100 100 110 110 010 010 o1l 011 001 001 101
0
1 100 110 110 010 010 o1 011 001 011 101 101 100

42

v

510

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

[17]

Based on the outputs dp and dq of the hysteresis con-
trollers and on the identified sector number (n) of the volt-
age vector, the inverter transistor switching states are de-
termined according to the adopted switching table (Table

).
I1l. MODELING OF THE ACTIVE FILTERING SYSTEM

A. Modeling of the Active Filtering System in the Case
of Indirect Current Control

The gating signals for the inverter transistors are gener-
ated by the three-phase hysteresis current regulator. The
reference current is obtained in two variants:

- from the voltage controller — the reference currents
are obtained by multiplying the output of the voltage con-
troller with the voltage template (three-phase unitary am-
plitude signals synchronized with the grid voltages, given
by the phase locked loop, PLL) (Fig. 4);

- from the load active current — the reference current
are obtained by the sum of two components (Fig. 5):

othe active filter charging current — obtained like
in the previous case;

othe load active current — obtained from the load
computed active power.

The advantage of the second control system is given by
the fact that the voltage controller output gives the ampli-
tude of the active filter charging current and not the ampli-
tude of the current absorbed from the grid by the entire
active filtering system like in the first control system. This
is because the controller output ripple is much smaller,
given the fact that the output magnitude is smaller. This
way the distortion introduced by the voltage controller
itself two the compensated current is reduced [21]-[24].

@
Ucp uc*

82 MRS la Three-phase hysteresis current controller
measure_C [ *s_en —

RU i

PLL iz
2 >

PLL

D
signals

s

U_abc

g

rs

BI

s en
Fig. 4. Block structure in the case of indirect control with the refer-
ence current computed solely from the voltage controller
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Fig. 5. Block structure in the case of indirect control with the com-
putation of the load active current

B. Modeling of the Active Filtering System in the Case
of Direct Power Control

For direct power control, the Simulink model developed
based on the principles of the method is shown in Fig. 6.
The instantaneous active and reactive powers are calculat-
ed using the supply voltages and the grid currents, inside
the block “Calculation of , and ¢”, which also provides
the phase angle, 8 (Fig. 7). The sector number correspond-
ing to the position of the voltage space vector is obtained
at the output of the “Sector Determination” block (Fig. 8).
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Fig. 6. Simulink model of the whole active filtering system.
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Fig. 7. SIMULINK model of the control block for Direct Power Control
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Fig. 10. The virtual ControlDesk panel for the active power filter control.

IV. EXPERIMENTAL VALIDATION

The development of the SIMULLI

NK control model

of the experimental active power filter is based on ex-
tracting the control algorithm sub-model of the virtual

active filter from the active filtering

system complete

model (presented in Section I11), and replaceing the virtu-
al power-section with the dSpace library blocks. These
blocks are the link between the dSpace board hardware

resources and the SIMULINK environment. Accordingly,
the SIMULINK control model of the active power filter is

shown in Fig.

9.

To achieve the real-time execution machine code, the
control model was compiled with the sampling time of 30
us. This value represents a compromise between accuracy
and computational load, given the complexity of the im-
plemented algorithms.
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The virtual control panel developed for this ap-
proach, in ControlDesk NG is illustrated in Fig. 10.

To evaluate the performance of the active filtering
system, the operating point was set for a load current of
20 ARMS.

A. Active Filtering System in the Case of Indirect
Current Control

1) Active Filtering System under Indirect Current
Control Based on the Reference Current Computed Solely
from the Voltage Controller

The voltage and current waveforms for phase 'a'
drawn from the grid by the active filtering system, had
been measured with a Tektronix TPS2024 oscilloscope
(Fig. 11). The current was measured with the Fluke 80i-
500s Current clamp (ImV/1A transfer ratio). The same
quantities had been acquired with the dSpace board ana-
log to digital converters and ploted in MATLAB (Fig.
12).

Fig. 13 shows the harmonic spectrum of the grid cur-
rent under total p—q compensation for a 20 A load cur-
rent. The current THD for phase 'a' is 5.25%, and for
phases 'b'and 'c" is 5.8% and 5.81%..

Furthermore, the comparison between the oscillo-
scope and dSPACE measurements shows good agree-
ment, with minor differences mainly due to sampling and
signal conditioning. The harmonic spectrum confirms the
effectiveness of the p—q compensation strategy, reducing
the grid current distortion and ensuring a nearly sinusoi-
dal waveform. The similar THD values across all phases
indicate balanced operation and stable controller perfor-
mance.
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Tek A [ ) St0P+
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i Y
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RefE 1.00% 50008

Il 2.50rms
CHE 100WEy  Refd 1.00% S00us

Fig. 11. Experimental voltage (green) and current (orange) waveforms
at the grid side sampled with the Tektronix oscilloscope.
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Fig. 12. Grid voltage and current waveforms sampled with the
dSpace DS1103 ADCs.
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Fig. 13. Harmonic spectrum of phase voltage and grid current.

2) Active Filtering System under Indirect Current
Control Based on the Computation of the Load Active
Current

For this case, the grid voltage and compensated cur-
rent are illustrated in Fig. 14 (sampled with the Tektronix
TPS2024 digital oscilloscope) and in Fig. 15 (sampled
with the dSpace board analog to digital converters and
ploted in MATLAB, respectively).

Fig. 16 shows the harmonic spectrum of the grid cur-
rent under total p—g compensation for the same load. The
current THD for phase 'a’ is 5.63%, and for phases 'b' and
'citis 4.92% and 5.2%, respectively.
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Fig. 14. Experimental voltage (green) and current (orange) wave-
forms at the grid, for phase 'a’', acquired with a Tektronix
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B. Active Filtering System in the Case of Direct Power
Control

The Tektronix TPS2024 oscilloscope screen in Fig.
17 shows the grid voltage and current waveforms for
phase 'a'. Fig. 18 shows the phase voltages and currents at
the grid side after total compensation for a 20 A load cur-
rent, sampled by the dSpace board. Fig. 19 presents the
harmonic spectrum of phase 'a' grid current and phase
voltage. The phase current THD values are: phase a' —
5.82%, phase 'b' — 5.79%, and phase 'c' — 5.56%.
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Table Il summarizes the performance of three control
methods applied to the active power filter under total
compensation conditions: the classical indirect current
control (Yvc), the indirect current control based on the
active component of the load current (lac), and the direct
power control (DPC).

TABLE Il. PERFORMANCE COMPARISON FOR A LOAD CURRENT OF 20 A

Control Compensation o
Method Strategy EFaw | m %] PF
Yvc 7,51 95,98 0,997
Total Compensa-
lac tion 79 | 9717 | 0997
DPC 7,32 96,94 0,998

The classical indirect current control (Yvc), in which
the reference grid current amplitude is generated exclu-
sively by the compensating capacitor voltage controller,
achieves an average filtering efficiency (EFavr of 7.51, an
overall efficiency of 95.98%, and a power factor of 0.997.
Although this strategy ensures stable operation and near-
unity power factor, its filtering performance and efficiency
are slightly inferior compared to the other investigated
methods.

The indirect current control strategy based on the active
component of the load current (lac), where the reference
grid current amplitude is obtained by combining the active
component of the load current with the output of the com-
pensating capacitor voltage controller, exhibits the best
overall performance. This method achieves the highest
average filtering efficiency (EFavr = 7.9) and the highest
system efficiency (97.17%), while maintaining a power
factor of 0.997. These results indicate an improved har-
monic compensation capability and reduced power losses.

The direct power control (DPC) method provides the
highest power factor (0.998), demonstrating superior con-
trol of active and reactive power exchange with the grid.
However, its average filtering efficiency (EFavr = 7.32) is
slightly lower than that obtained with the indirect current
control strategies, although the overall efficiency remains
high (96.94%).

Overall, all three control methods ensure effective total
compensation, with power factor values close to unity and
efficiencies exceeding 95%. Among them, the lac-based
indirect current control offers the best compromise be-
tween filtering performance, efficiency, and power factor,
making it a suitable candidate for high-performance active
power filter applications.

V. CONCLUSIONS

The performance obtained by the classical indirect cur-
rent control, in which the reference grid current amplitude
is generated exclusively by the compensating capacitor
voltage controller is the lowest of the three investigated
methods given the high effect of the voltage controller
output rippler in the reference current. The indirect current
control strategy based on the active component of the load
current, exhibits the best overall performance, achieving
the highest average filtering efficiency and the highest
system efficiency. The direct power control method pro-
vides the highest power factor, demonstrating superior
control of active and reactive power exchange with the
grid.

Overall, all three control methods ensure effective total
compensation, with power factor values close to unity and
efficiencies exceeding 95%.
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Abstract — When heating an industrial hall-type building, the
following types of heat demand must be considered: for
heating, for domestic hot water preparation, for ventilation,
for technological purposes, and for losses related to
transport and distribution. This paper analyzes aspects re-
lated to the heat demand for heating an industrial hall,
starting from the existing situation (heating with static radi-
ators, with hot water as the heat transfer medium taken
from the urban heating network at a price of approximately
718 lei/Gceal) and rethinking the decentralized hot air heat-
ing system with wall-mounted air heaters. Generally, heat
requirements are based on a simplified estimate, the accura-
cy of which depends on the designer's experience in the
field. In this paper, the energy performance of the industri-
al hall analyzed was assessed taking into account the meth-
odologies specified in the regulations. The particularities
related to the building's purpose (industrial building), the
climatic zone in which the building is located, and the specif-
ic features of the type of heating system used (static bodies
or wall-mounted air heaters) were taken into account. All
these particularities are explicitly specified in the chapter
dedicated to the case study, which makes the issues dis-
cussed easier to understand.

Cuvinte cheie: hala industriald, energie termicd, incdlzire, aer
cald, sistem

Keywords: industrial hall, thermal energy, heating, hot air,
system

. INTRODUCTION

As a rule, the concept of energy is linked to the type of
buildings and the installations inside them, so there are
increasingly frequent concerns aimed at solving some
problems related to the energy efficiency of buildings.

Among these concerns, the most common are:

- reducing energy consumption in old buildings
through technical and economic measures (this is also the
case for the industrial building that is the subject of the
case study in this paper);

- adopting measures, for new buildings, that will result

in both quantifiable energy savings and increased comfort
inside them.

In order to quantitatively assess heat transfer phenomena
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through building elements, it is necessary to know the
thermodynamic properties of homogeneous materials,
through:

- choosing energy-efficient and thermodynamically ef-
ficient building materials;

- checking the thermal and hygrothermal properties of
an existing building or one that's being designed.

The method for selecting the appropriate construction
elements is determined during the design phase, taking
into account the thermal characteristics of the materials
used for the purpose of [1]:

- achieving the minimum resistance necessary for heat
transfer, which has the effect of reducing heat flow on the
one hand and preventing condensation on the inner sur-
face of the building element on the other;

- achieving the thermal stability necessary to avoid air
temperature fluctuations inside the space in question and
on the inner surface of the building element;

- resistance to vapor permeability that limits the risk of
vapor condensation inside the building element;

- resistance to outside air infiltration that ensures the
thermal insulation capacity of the interior space in question.

In order to reduce specific heat consumption and, in
general, heat consumption for heating, measures are need-
ed to rehabilitate and modernize the thermal protection of
buildings and heating installations in residential, adminis-
trative, production, and social and cultural buildings [2].

Il. HOT AIR HEATING OF BUILDING

In Romania, after the introduction of central heating in
residential buildings, systems based on static elements,
such as radiators, convectors, and convector radiators,
have been used over time [1].

As installation technology has evolved and thermal
comfort requirements in buildings have increased, in addi-
tion to traditional central heating systems, other types of
heating systems have begun to be analyzed, adaptable to
both residential and industrial buildings, such as: hot air
heating systems and low, medium, and high temperature
radiation heating systems [3].

Hot air generators are used to heat industrial spaces,
warehouses, and workshops, often being a more cost-
effective solution compared to traditional systems that use
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hot water as a heat transfer medium. In addition to the
direct benefits, the fact that they do not require a central-
ized heating system makes these generators particularly
recommended for rooms that are heated occasionally or
for limited periods.

The strengths of hot air generators are: compactness,
lack of thermal energy, and fast and pleasant heating [3].

The operation of these modern heating systems is based
on the following mechanism: a fan ensures air circulation
through the heat exchanger, which is heated by the gases
burned in the burner. The heat exchanger, made of welded
stainless steel, transfers heat to the circulating air. The
burners can be of the "atmospheric” or "air-blown" type.
The gas is ignited by a high-voltage electric arc, and the
flame is controlled by ionization [4].

The equipment is equipped with a combined gas valve
that includes a pressure reducer, an electromagnetic valve,
a differential pressure switch that shuts off the burner in
case of exhaust fan failure, as well as thermostats for lim-
iting and regulating the temperature. The heated air is di-
rected into the room through louvered air diffusers that
also direct the airflow. In general, hot air generators are an
efficient heating system, suitable for halls and rooms
where the technological flow, compartmentalization of
spaces, low interior height, or the need for a constant sup-
ply of fresh air (such as bathrooms, changing rooms, etc.)
make the use of radiation heating impractical [4].

The main hot air heating systems currently in use are:
infrared dark heater systems in the vacuum version (fig. 1)
and in the overpressure version (fig. 2); tube-generator hot
air heating systems; Turbo radiant heating systems; indus-
trial convector heating systems; systems with recovery of
energy lost by food refrigeration systems [5].

Fig. 1 Dark wave heating system with overpressure operating mode:
a) with straight radiant tube; b) with U-shaped radiant tube [3]

Fig. 2. Dark wave heating system with negative pressure operation and
single flue gas exhaust: a) with straight radiant tube; b) with U-shaped
radiant tube [6]
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For heating halls, it is recommended to combine two
types of radiant tubes: dark wave and infrared. To this
end, consideration should be given to areas frequently
used by staff, the position of machinery (e.g., lathes), elec-
trically operated mobile doors, large glass surfaces, and
others. When a comfortable temperature is desired for
occupants in a specific area of the room, so-called "warm
islands" or zone heating is created, for which infrared ra-
diant tubes are mainly used [7].

Infrared radiant tubes can also be used to reduce the ef-
fect of "cold" radiation from large glass surfaces or sliding
doors. It is important to note that the intensity of the radia-
tion is not evenly distributed throughout the space, being
much stronger in the heated area. The intense circulation
of cold air replacing the warm air in the radiated area can
cause slight discomfort [8].

If the radiant heat flow comes from a single direction,
occupants may experience uneven heat distribution (simi-
lar to the "campfire” effect), i.e., "hot in front, cold in
back." For this reason, the need to even out the thermal
effect must be taken into account when positioning the
radiant tubes. The design and implementation of radiant
tube heating systems can be flexible in terms of construc-
tion and usability, with the possibility of creating both
very expensive but inefficient systems and reasonably
priced solutions that take into account all relevant tech-
nical aspects [8].

I11. CONSTRUCTIVE AND ENERGY ANALYSIS OF THE
INDUSTRIAL HALL

The studied hall is part of a complex of industrial and
administrative buildings located on the northern outskirts
of a town in climate zone Il. In terms of shelter, it is clas-
sified as a moderately sheltered building.

The hall building consists of (fig. 3): The actual hall
building on two levels; the administrative building with its
facade facing east, on three levels; the administrative
building with its facade facing west, also on three levels.

Functionally, the main building (the hall) is intended
for industrial activities involving light work with average
heat emissions. The administrative buildings are spaces
where materials and raw materials, as well as finished
products, are stored and where design, research, and other
activities are carried out.

The characteristic elements regarding the location of
buildings in the built environment are as follows [9]:

- climate zone: Il according to the climate zoning map
of Romania in SR 1907-1;

- average outdoor design temperature: te = -15°C;

- orientation relative to the cardinal points: the main
body of the hall with the facades facing north and south;

- wind zone: 1V (4.5 m/s), according to the map of lo-
calities in wind zones, from SR 1907-1;

- building category in terms of air permeability: perme-
able building with windows with a high degree of perme-
ability;

- soil temperature value, 6y, at a depth of 7 m from
ground level, depending on the area where the building is
located: 6,=10°C.

Heat losses through the envelope elements of industrial

buildings are determined taking into account the dimen-
sions of the building, the design wind speed, the average
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Fig. 3. The section of the industrial hall building

design indoor temperatures specific to each room, depend-
ing on its purpose (Table 1), as well as the conventional
average outdoor design temperature for a location in cli-
mate zone I, te= —15°C.

TABLE I.
THE INDOOR DESIGN TEMPERATURES SPECIFIC TO EACH TYPE OF
RooM, DEPENDING ON THEIR INTENDED USE

Conventional indoor
Nr. I .
Room destination design temperature,
crt. o
[*C]

Plastic injection hall — medium-
1. 17

effort work category

Entrance hall, toilets, interior cor-
2. . . 15

ridors, stairwell

Storage rooms, Repair workshop 2,
3. Metrological inspections, Sprinkler 18

room, Assembly lines

Bathrooms, Repair workshop 1,

Partners’ office, Fire safety office,
4, Plastic section manager’s office 1, 20

Plastic section manager’s office 2,

Labels office
5. Changing rooms 22

The heat losses resulting from transmission through the
building elements are determined in accordance with the
methodology presented in SR 1907/1-1, 2, 3, taking into
account at all times the corrected thermal resistance of the
opaque and glazed surfaces.

The total area of the studied hall is 2,854.80 m?, the to-
tal area of the exterior walls is 4,062.60 m2, and the total
area of glazed elements is 1,344.946 m?2, representing a
glazing percentage of 33.10%, distributed as follows:
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-exterior windows on metal frames, double-glazed with
two glass panes spaced 2—4 ¢cm apart: 532.190 m?, repre-
senting a glazing percentage of 13.10%;

-Nevada glass 0.2 x 0.2 m, 7 cm thick: 73.20 m?, repre-
senting a glazing percentage of 1.80%;

-skylights with frosted glass on metal frames, single-
glass pane: 704.14 m2, representing a glazing percentage
of 17.33% [10].

The construction characteristics of the opaque and
glazed elements are as follows [10]:

-Total usable height of the hall: 9.90 m;

-Exterior walls with an interior-measured height of 9.90
m and a total thickness of 30 cm, made of aerated concrete
(BCA) type GBN-50, in three layers: two plaster layers,
one interior made of lime mortar with 3, = 2 cm and a
thermal conductivity coefficient Ai = 0.70 W/(m-K), and
one exterior made of cement plaster with 8, = 3 cm and a
thermal conductivity coefficient A. = 0.93 W/(m-K), be-
tween which is the BCA layer with dgca = 12.5 cm and a
thermal conductivity coefficient Agca = 0.27 W/(m-K).

- Interior walls with an interior-measured height of 9.90
m and a total thickness of 20 cm, made of aerated concrete
(BCA), in three layers: two plaster layers of lime mortar
on the interior and exterior with &; = 2 cm and a thermal
conductivity coefficient A; = 0.70W/(m-K), between which
is the BCA layer with dgca = 16 cm and a thermal conduc-
tivity coefficient Agca = 0.27 W/(m-K).

Exterior windows type 1 is on metal frames and sashes,
with double-glass panes spaced 2—4 cm apart, inward-
opening, without special sealing;

- exterior windows type 2, made of frosted Nevada
glass, in strips 0.60 m high at the level of the second floor,
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with a total length of 122.00 m, having a minimum cor-
rected thermal resistance of 0.479 (m2-K)/W,

- exterior doors are metal (aluminum) with a total
thickness 6ue =4 cm, constructed from two aluminum
sheets 3 mm thick, with a thermal conductivity coefficient
Aal = 220 W/(m:-K), between which is a PVC foam layer
3.4 cm thick, with a thermal conductivity coefficient Apg =
0.05 W/(m-K).

- interior doors type 1 are metal doors made of alumi-
num with a total thickness due = 3 cm, constructed from
two aluminum sheets 2 mm thick, with a thermal conduc-
tivity coefficient Aa = 220 W/(m-K), between which is a
PVC foam layer 2.6 cm thick, with a thermal conductivity
coefficient Apoi = 0.05 W/(m-K);

- interior doors type 2 are glued plywood doors with a
total thickness 8y = 3.5 cm, with a thermal conductivity
coefficient Ap = 0.17 W/(m-K).

- interior doors type 3 are metal doors made of alumi-
num with a total thickness due = 3 cm, with glass covering
40% of the total door area, the glass having a thickness
Oglass = 6 mm and a thermal conductivity coefficient Aglass =
0.75 W/(m-K).

The metal part, 60% of the total door area, is construct-
ed from two aluminum sheets 2 mm thick with a thermal
conductivity coefficient Aa = 220 W/(m-K), between
which is a PVC foam layer 2.6 cm thick with a thermal
conductivity coefficient Apo = 0.05 W/(m-K);

- the floor has the following structure: reinforced con-
crete slab with a density of 2500 kg/m? and a thickness
Orc = 20 cm, with a thermal conductivity coefficient Arc =
1.74 W/(m-K), and plain aggregate concrete with a densi-

ty of 1800 kg/m? and a thickness dac = 4 cm, with a ther-
mal conductivity coefficient Aag = 0.81 W/(m-K).

- the ceiling at the upper part is a terrace type with
glazed surface. The constructed part consists of: an interi-
or plaster layer of lime mortar with &; = 2 cm and a ther-
mal conductivity coefficient Ai = 0.70 W/(m-K), a rein-
forced concrete slab with a density of 2500 kg/m?3 and a
thickness 6rc = 20 cm, with a thermal conductivity coeffi-
cient Arc = 1.74 W/(m-K), and a bituminous waterproof-
ing layer with a thickness Shyaro = 0.8 mm and a thermal
conductivity coefficient Anyaro = 0.17 W/(m-K).

The glazed part of the terrace consists of fixed transpar-
ent glass panes, a single glass sheet, on a metal frame
made of OL, with a minimum corrected thermal resistance
of 0.17 (m2-K)/W.

The determination of heat losses through the building
envelope elements, on the basis of which the thermal en-
ergy consumption is also calculated, is carried out taking
into account the current standards, with the results pre-
sented in Tables Il and 111.

Considering that activities generating heat take place
inside the hall, and knowing that the heat losses through
the envelopes (machine casings) are approximately 2.5
kW, that the heat contribution from people working inside
the hall (50 persons, at 0.174 kW/person) is approximately
8.7 kW, and that the solar gains are about 70 kW, the total
heat gain for the studied hall amounts to 81.2 kW.

This means that the heat demand to be covered by the

heating system is: (341.466 + 35.159) — (2.5 + 8.7 + 70) =
295.425 kWw.

TABLE II.
HEAT LOSS THROUGH THE ANVELOPE OF THE INDUSTRIAL HALL BUILDING
Nr. . A, R, At Qr, Qc,
Building element
crt. g [m?] [(m*K)W] [°C] [kw] [kW]
1 Exterior walls made of aerated con- 420,70 0825 32 16,890 19,372
) crete (BCA) 65,52 ' 33 2,713 3,013
. . 472,64 32 61,352 70,369
2. Exterior window 5955 0,318 33 7415 8.233
3. Nevada glass 0.2 x 0.2 m, 7 cm thick 73,20 0,479 32 5,868 6,731
4, Exterior metal door 35,89 0,167 32 11,853 13,596
2545,80 7 28,492 32,680
5. Floor 0,668
309,00 8 3,700 4,109
6. Interior wall 626,58 0,938 2 1,350 1,549
228,12 1 0,255 0,284
6. Interior wall 318,24 0,938 -1 -0,352 -0,404
97,23 -3 -0,334 -0,383
15,12 2 0,289 0,332
. 11,97 1 0,057 0,064
7. Interior metal doors 2151 0,251 K] 20,266 20305
441 -3 -0,063 -0,073
8. Interior glued plywood doors 3,36 0,485 2 0,033 0,038
. . 1 0,018 0,020
9. Interior metal doors with glass 3,78 0,255 K] 20,018 20,020
10. Terrace above the top floor 2150,66 0,781 32 88,19 101,073
11. Frosted glass panels on metal frame 704,14 0,382 32 70,783 81,188
TOTAL Hall - - - 298,177 341,466
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TABLE II1.
HEAT LOSSES DUE TO INFILTRATION THROUGH THE JOINTS OF EXTERIOR DOORS AND WINDOWS
i,
N Ly Us iy
' Window type Closure element composition W - 34/3 E Q Q
crt. CTERYS [m] [kw] [kw]
m>°.°C
1. Exterior window | Double-glazed with two glass 0,0044 1209,60 112 6,064 35,150
panes spaced apart of 2..4 cm
Total hall 1209,60 - 6,064 35,159
IV. RESULTS
. . . F 20,5m + 20,5m + 20,5m 1
The total heat demand to be considered in calculating
the annual total heating load will take into account, for | 60kw | 60KW | 60KW | 16m
glazed elements, both the heat required to heat the infil-
trated air and the heat losses through transmission. F + + -
Considering that activities in the industrial hall release
pollutants in varying amounts, the air change rate results | 6okw | gokw | eokw [ 16m
as Ny = 1 m¥(h-m?) [11]. ! + . |
As a result, the heating load required for the hall is
552.56 kW. | B0KW | 6OKW+15kW | 60kW | 16m
During the study, the option of installing air heaters | B B |

with a nominal power of 60 kW is analyzed, the number
of air heaters required being:

Q. 55256 kwW
e Qn,aerot 60 kW

The implementation of such a decentralized heating
system for an industrial consumer takes into account:

1. Certain technical specifications;

2. A financial analysis regarding investment and
operation.

1. Technical installation specifications:

-nine 60 kW air heaters and one additional 15 kW air
heater are selected, so that the total installed power of 555
kW provides a safety margin of 2 kW above the calculated
demand, being ideal for peak conditions;

-installation height: 6.5-7.5 m (for H = 9.90 m);
-distance between air heaters: = 20 m in both directions;
-inclination angle: 15-20° relative to horizontal,

-coverage area with warm air per heater / hall area: =
330 m?

The distribution of these air heaters along the length of
the hall is carried out according to Figure 4, providing a
series of practical operational advantages, the most
important of which are: uniform heat distribution
throughout the hall; redundancy — if one air heater fails,
the heating system remains functional; flexible control —
the possibility of thermal zoning; energy efficiency —
adequate power for the air volume

2. Investment and operating cost analysis:

- initial investment: approx. 660,000 lei (132,000 EUR)

- equipment: 9 electric air heaters of 60 kW: = 540,000
lei, at an estimated price of = 60,000 lei/unit (based on
market price extrapolation), and 1 electric air heater of 15

kW = 15,000 lei, resulting in a total equipment cost of
555,000 lei;

N =9 air heaters 1)

52

Fig. 4. Layout diagram of the 60 kW air heaters for the analyzed hall

- installation and accessories: installation, three-phase
electrical wiring: = 80,000 lei; control systems and ther-
mostats: =~ 15,000 lei; auxiliary works: = 10,000 lei, re-
sulting in a total installation and assembly cost of
105,000 lei;

- considering a useful service life of 15-20 years, this
results in an annual depreciation of approximately
33,000-44,000 lei/year, i.e., a monthly depreciation of
about 2,750-3,667 lei/month;

- hourly electricity consumption at maximum installed
power is 555 kWh, leading to the following estimates of
electricity costs for the equipment: at minimum price
(1.03 lei/kwh): 571.65 lei/hour; at average price (1.25
lei/lkWh): 693.75 lei/hour; at maximum price (1.55
lei/kwWh): 860.25 lei/hour;

- considering a heating season duration of approxi-
mately 5 months (November—March), with an average
hourly hot air distribution schedule for heating of 10
h/day, and low outside temperatures for 22 working days
per month, the following seasonal cost values result for
the three scenarios:

- Optimistic scenario: ~ 628,815 lei/season;
- Realistic scenario: = 763,125 lei/season;
- Pessimistic scenario: = 946,275 lei/season.

V. CONCLUSIONS

In the conclusions section of the case study conducted
in this work, certain aspects are analyzed on the one hand
regarding the optimization of the investment and operation
of the new heating system proposed for the industrial hall,
and on the other hand, the technical and economic risks.

The optimization recommendations include:

-Energy contract: In this case, it is recommended to re-
negotiate the special industrial contract with the electricity
supplier with whom the industrial consumer has an
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agreement, or to negotiate with another supplier, aiming
for lower electricity prices;

-Intelligent control: Installation of hot air heating sys-
tems with thermostats programmed by hour;

-Additional insulation: Involving extra investment costs
in thermal curtains to reduce losses (additional thermal
insulation measures for the hall’s envelope elements to
minimize heat losses);

- Renewable energy: Evaluating the possibility of in-
stalling photovoltaic panels to reduce the cost of electrici-
ty purchased from the supplier;

-Investment profitability: Depending on energy prices
and the procurement strategy.

Regarding risks, technical and economic risks were
identified, for which corrective or preventive technical
measures are proposed:

a) Technical risks:

-Electrical network overload: Medium probability
(~30%), major impact — system shutdown; preventive
measures: preliminary energy audit, upgrading the elec-
trical network, if necessary, automatic load management
system.

-Uneven heat distribution: High probability in the first
month (~60%), minor impact — local discomfort; preven-
tive measures: fine adjustment of deflectors, power ad-
justment by zones, installation of auxiliary fans.

-Failure of some air heaters: Low probability (5% per
year), moderate impact — reduced performance; preven-
tive measures: spare stock (1 air heater), service contract
with response time <24h, continuous monitoring system.

b) Economic risks:

These relate to electricity price fluctuations, with two
scenarios identified:

-Optimistic scenario: Electricity price decreases to 0.95
lei/kWh, resulting in approximately 17% reduction in
electricity costs.

-Pessimistic scenario: Electricity price increases to
1.45 lei/kWh, resulting in approximately 26% increase in
electricity costs.

Considering the above economic risks, an impact analy-
sis over a 5-year period was performed, resulting in two
possible scenarios:

-Optimistic: Financial savings of 612,000 lei;

-Pessimistic: Additional cost of 936,000 lei.

To mitigate the financial impact on the operational effi-
ciency of the air heater system, the following hedging
measures are considered:
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1. Signing a fixed electricity supply contract with a
supplier for a period of 3 to 5 years;

2. Making an additional investment in photovoltaic
panels (350 kWp) to provide some energy independence
for the industrial hall under analysis;

3. Implementing a thermal storage system for peak
hours
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