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Abstract: Two prototypes with energy efficiency calculations have been developed to enable real-time
efficiency assessment and data collection. The results of the experiment demonstrate that the use of
microprocessor technology and the Internet of Things can significantly improve the efficiency and
accuracy of energy audits in power transformers. The prototypes developed in this study provide
real-time efficiency assessment and data collection, enabling more effective energy management and
cost savings for industrial users. During the experiment, it was found that resonance can cause the
same losses as a poor power factor of the system, highlighting the importance of addressing energy
quality issues in addition to energy efficiency. These findings have important implications for energy
efficiency policies and practices in the context of climate change mitigation and rising energy prices.
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1. Introduction

Europe is currently setting ambitious targets for reducing CO2 emissions in the world
so that global average temperatures do not rise by more than 2 degrees by the end of
the 21st century [1]. After achieving this goal, Lithuania plans to be able to limit the
temperature increase to 4 degrees in summer and 2.5 degrees in winter, and 30% more
rainfall should occur in winter compared with today, when summers will become slightly
drier [2]. Increasing energy efficiency is one way to reduce CO2 emissions [3]. As a result of
improving energy efficiency, less energy is required to perform the same amount of work,
which can reduce overall energy consumption and, consequently, reduce the emissions
of greenhouse gases such as CO2 [4]. This is because a significant portion of the energy
used in various applications comes from burning fossil fuels, which releases CO2 and
other pollutants into the atmosphere. Energy efficiency is usually measured in terms of
primary and final energy intensity, which refers to the amount of energy consumed to
produce a particular amount of goods and services in a country (the ratio of the energy
consumption of a country’s economy to the Gross Domestic Product (GDP)). It is, therefore,
important to provide energy efficiency solutions in industry and to exploit the potential
for energy savings to reduce energy losses and costs [5]. The goal of increasing energy
efficiency is to provide the same number of services with less energy consumption. In
the industrial sector in Lithuania, energy consumption in terms of product cost remains
20% higher than the EU average, so more efficient and modern technologies and energy
management measures are needed to reduce energy costs and increase the competitiveness
of businesses [6]. The problem is also exacerbated by rising energy prices. The price of
electricity rose 6.8 times comparing average prices of 2020 and 2022 [7]. For companies
that use electricity intensively, the rise in electricity prices has made it even more difficult
to be competitive in the market [8]. Energy management is an effective organizational,
technical, and developmental action to minimize energy costs in a cost-effective manner.
Energy management pays structural attention to energy use to continuously reduce energy
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consumption and create improvements, as depicted in the running circle of the Deming
cycle [9]. The Deming cycle shown in Figure 1 works according to the Plan–Do–Study–Act
method and can be used as a plan to increase energy efficiency because this is not a one-time
task [10]; rather it is needed to continuously control regular improvements.
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An essential step in improving energy efficiency is to carry out an energy audit [11].
An energy audit is a procedure that helps to analyze the energy use of a company/building.
Energy audits can assess energy efficiency, identify energy-saving opportunities, and draw
up an implementation plan for energy-saving projects [12]. The processing time can be
reduced by using the Internet of Things (IoT) to collect data on the energy consumption
of each electrical appliance and to store the data in an electronic energy audit information
system to analyze the energy consumption of the facility [13]. Monitoring and recording
real-time energy consumption data can help find significant energy losses in a plant and
implement a variety of energy-saving strategies. According to an article published in
2020 [14], there is a potential to increase energy efficiency by 8%. However, there is a lack
of trained staff in industrial companies to carry out energy audits, efficiency/optimization,
and overall energy management in production [15]. Furthermore, with a large enterprise’s
infrastructure, the amount of data received is huge, which takes a significant amount of
time to analyze and see the potential for savings. Various data collection systems are
available for energy audits, but adequate data analysis systems are lacking [16]. The most
accurate estimate would be to measure the efficiency of the device by measuring its input
power and output power, but this is expensive, and the case of power transformers is
complicated because of high or medium voltage. The equipment becomes more expensive,
and for short-term measurements it is not possible to install them without switching off the
power transformer. Therefore, it is more cost effective to analyze performance based on
low-voltage side measurements. The great potential of modern microprocessor technology
allows it to be used for automatic energy efficiency determination [16]. As energy savings
and consumption reduction improve, an accurate model for calculating additional losses
due to efficiency-reducing factors, such as power quality, incorrect modes, etc., has great
practical importance [17]. Such a methodology is important not only for the derating of
power transformers [18] but also for the payback of harmonic reduction devices [19]. Based
on the available literature, the commonly adopted approach involves solely considering the
preconfigured input data when computing the losses incurred by the transformer [20–22].
This is favorable for design, but is not accurate because the transformers operate in different
modes, and the spectrum of their voltage and current harmonics may change [23]. In
articles [24,25], authentic data from utility meters were utilized for calculations of the losses.
However, it should be noted that utility meters do not measure the distortion levels, and
the data are subjected to hourly averaging. This approach is inadequate for accurately
assessing efficiency. The reason behind this insufficiency lies in the power electronic [26]
and renewable energy systems’ [27] escalating presence, which contributes to heightened
harmonic levels and has a significant impact on the efficiency of transformers and electrical
motors [28]. Additionally, average hourly values are not acceptable because the transformer
losses are not linear [29]. In article [30], simulations were performed with the measured
24 h data, but usage of this scenario in industrial cases is unlikely due to the complexity
and usage of simulation software. The current methods for energy efficiency evaluation are
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static and offline, causing a delay in the evaluation process [31]. To address this issue, there
is a need for dynamic and real-time evaluation methods. For this reason, it was decided to
create a prototype that can calculate efficiency in real time and already processed data can
be sent to energy management systems for analysis. Because the levels of harmonics are
changing rapidly, the monitoring of efficiency must be long term, at least on a yearly basis,
to see the effect of seasons, and data must be achieved in real time to take actions and to
see the effect. [32] highlights the importance of making energy quality impact calculations
using an easy-to-understand visualization.

2. Energy-Saving Opportunities

The focus on energy efficiency in this section is on power transformers and electrical
motors. Transformers are electrical devices that work constantly; for this reason any
deviation from their highest efficiency results in relatively high energy losses compared
to other devices [33]. According to article [34], electric motors account for 70% of total
industrial energy consumption. Therefore, even the smallest efficiency improvements in
this category can achieve significant reductions in energy usage.

2.1. Efficiency Class

Transformer power losses consist of variable (load) losses and idle losses. The mag-
nitude of the variable loss depends on the transformer load, and the amount of losses
depends on the efficiency class, and according to article [35], it can save up to 1% of all
generated electricity. High-performance motors can achieve operating efficiency by up to
10% when compared to regular motors, depending on the nominal power [36]. Motors
that have been rewound, on the other hand, show a 3–4% drop in efficiency [37] when
compared to the original motor. Knowing that energy costs more than 60–100 times [36] a
motor’s life cycle cost, investing in a more expensive but more efficient motor can quickly
be very lucrative.

2.2. Oversizing

The total idle losses of 110 kV and 35 kV transformers are around 69 GWh per year
and account for about 0.6 percentage points of electricity losses in the distribution network
per year in Lithuania [38]. It is worth mentioning that 70% of transformers are working
underloaded [38]. In the past, designers tended to install overpowered motors to ensure
an adequate safety margin and eliminate the risk of failure, even in conditions that were
not likely to occur [39]. Studies show that at least a third of engines are oversized and
operate at less than 50% load [39]. Article [40] states that one of the biggest problems with
the energy efficiency of motors is when directly connected motors do not run at nominal
loads. The efficiency of motors is often increased using variable frequency drives (VFDs),
but VFDs are nonlinear loads based on power electronics, which harms energy quality.

2.3. Power Factor

Reactive power, is a quantity that describes the load on an electrical installation due to
the oscillations of the energy of an electromagnetic field in an alternating current circuit.
Angle ϕ is the angle between voltage and current, also called the displacement factor, so it
is only affected by the reactive component. The effect of poor displacement power factor
on energy efficiency is increased current. As an example, reducing the cable current by
more than 10% will reduce the loss by almost 20% [41]. Reducing the current will reduce
the voltage drop at the end of the line, thus improving the efficiency of the equipment at
the end of the line. The poor power factor has a similar effect on the power transformer
as on the cable. Increased currents also increase the copper loss of the power transformer,
reducing its ability to transmit active power, and this adds an additional voltage drop.

In case an induction motor is supplied with 10 percent less voltage than rated, it will
experience problems as reported in [42]:
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• 19% torque loss;
• 23% increased slip;
• 0.2–1% reduced speed;
• 5–10% increased current at full load;
• 10–15% increase in temperature;
• 1–3% loss of efficiency at full load.

2.4. Power Quality

The growth of renewable energy sources and power electronics in use affects the
quality of electricity. The most significant negative consequences of the deterioration of
electricity quality are increased energy losses, reduction in the service life of electrical
insulation, and malfunctions of relay protection and automation [43]. The total distortion of
harmonics is the ratio between the fundamental harmonic and the higher-order harmonics.
The total harmonic distortion is calculated according to Equation (1).

THDI =

√
I2
2 + I2

3 + I2
4 + . . . . . + I2

n

I1
(1)

where THDI is the total current harmonic distortion in percent, I1 is the current of funda-
mental harmonic in A, and Ix is the current in higher harmonics of order x.

The distortion power factor (D) is relative to total harmonic distortion. The distortion
power factor is calculated according to Equation (2).

D =
1√(

1 + THDI2
) (2)

According to [19], when D = 0.7, the RMS current increases by 40% compared to D = 1
to transmit the same active power. This causes more transmission losses as well as higher
voltage drops. Nonlinear loads in the network generate nonsinusoidal currents [44]. Even if
the consumer uses only linear loads, the current harmonics in the resonance conditions can
flow through power transformer from other users [45], thus causing increased energy loss
in the transformer. Both distribution system operators and end users should be concerned
about the quality of electric power [46]. Most power transformers are designed to supply
power to linear loads, so they cannot operate at their rated load with significant distortion.
The electrical loss in the power transformer increases due to the increased current. The
current increase is calculated according to Equation (3).

Ip.u. =

√
∑h=hmax

h=1 I2
h,p.u. (3)

where Ip.u. is the current, in p.u., hmax is the highest order harmonic, h is harmonic order,
Ih is the RMS value of h-order current harmonic, and Ih,p.u. is the current of h harmonic,
in p.u.

The direct connection motor is also affected by the quality of the network [47]; the
motor efficiency factor decreases if the motor is supplied with an incorrect voltage level or
if there is voltage asymmetry or distortion [48]. In a concrete article [49], it is observed that
losses due to voltage imbalance and harmonic distortions are higher in motors of a higher
efficiency class.

According to [50], with a 10% harmonic distortion of a fifth-order harmonic, a power
transformer can increase the loss by 10% compared to the absence of current harmonics.
The IEEE [51] has proposed a recommended practice for estimating the loss of oil-filled
transformers due to current harmonics. In the example given in the methodology, the
harmonic currents had the highest relative effect on the eddy currents and increased them
more than seven times.
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3. Real-Time Loss Accounting Algorithm Methodology

In Lithuania, the average age of distribution power transformers is 29 years. For this
reason, usually, it is hard to obtain information about factory test values. The main reachable
information is listed on the power transformer nameplate, which usually includes:

• Rated power (SN);
• Rated voltage of primary winding (U1N);
• Rated voltage of secondary winding (U2N);
• Idle losses (P0);
• Load losses (PLL).

Rated values of power transformers are needed for further calculations.
To develop a real-time algorithm for evaluating power transformer efficiency, it be-

comes imperative to possess knowledge of the fundamental parameters specified in the
manufacturer’s passport for the power transformer. In industrial companies, due to the
old age of power transformers and changes in personnel, it is hardly achievable to find the
factory test reports and passports of the power transformer. For this reason, the first step
must be achieved to calculate nominal power transformer values. Rated calculations differ
due to the type of power transformer connection. Table 1 presents an example of a Y/Y-n
connection group of a power transformer.

Table 1. Formulas for calculating nominal power transformer values [52].

Rated Phase Voltage of the
Primary Winding, V

Rated Current of the
Primary Winding, A

Transformation
Coefficient

Rated Current of
Secondary Winding, A

Symbol U1f I1f k I2f
Formula U1N√

3
SN

3×U1 f

U1N
U2N

I1 f × k

where U1N is rated line-to-line voltage of primary winding in V, SN is rated power transformer power in kVA, and
U2N is rated line-to-line voltage of secondary winding in V.

Equivalent short-circuit parameters are calculated according to the equations listed in
Table 2.

Table 2. Calculations of power transformer resistance [52].

Short-Circuit Voltage, V Short-Circuit
Impedance, Ω

Short-Circuit Active
Resistance, Ω

Idle Reactive
Resistance, Ω

Symbol Ukf Zk Rk X0k

Formula U1 f×Uk
100

Uk f
I1 f

∆PLL
3×I2

f

√
Z2

k − R2
k

An equivalent short-circuit scheme of the power transformer is created and displayed
in Figure 2.
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After the resistances of the elements of the equivalent circuit are calculated, it is
possible to calculate the resistance of each winding according to the equations listed in
Table 3.

Table 3. Calculations of resistance for separate windings.

Active Resistance of the
Primary Winding, Ω

Reactive Resistance of the
Primary Winding, Ω

Active Resistance of
the Secondary
Winding, Ω

Reactive Resistance of
the Secondary

Winding, Ω

Symbol R1 X1 R2 X2
Formula Rk

2
Xk
2

R1
k2

X1
k2

Transformer losses are divided into two types [53]:

• Idle loss (P0);
• Load loss (PLL).

Load losses are divided into two parts:

• Copper loss (PI2R);
• Stray Loss (PTSL).

Stray losses include:

• Eddy current losses (PEC);
• Other Stray losses (POSL).

Summarizing the transformer losses can be described by Equation (4):

PT = P0 + PI2R + PEC + POSL (4)

Copper losses are calculated according to Equation (5):

PI2R = K
(

I2
1f·R1 + I2

2f·R2

)
(5)

where K is the constant coefficient (for a single-phase transformer, K equals 1; for a three-
phase transformer, K equals 1.5) [54].

The nominal total Stray loss PTSL-N is calculated according to Equation (6):

PTSL−N = PLL − PI2R (6)

The nominal losses of the eddy currents PEC-N are calculated according to Equation (7) [53]:

PEC−N = PTSL−N·
(

PEC−LV + PECN−HV

100

)
(7)

Table 4 contains data from standard [51] about the ratio of the total Stray loss distribu-
tion and the values of PEC-LV and PEC-HV in oil-filled transformers.

Table 4. Ratio of total stray loss distribution in oil-filled transformer [51].

Power, kVA
Eddy Current Losses PEC-N Other Stray Losses,

%LV Side (PEC_LV), % HV Side (PEC_LV), %

≤300 55 5 40
>300
≤1000 40 10 50

>1000
≤3000 20 10 70

>3000 25 15 60
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Other stray losses rated POTSL−N are calculated according to Equation (8):

POTSL−N = PTSL−N − PEC−N (8)

The eddy loss factor FHL-STR is calculated according to Equation (9) [51]:

FHL =
∑h=hmax

h=1 I2
hh2

∑h=hmax
h=1 I2

h
(9)

where FHL is the eddy currents loss factor, h is harmonic sequence, hmax is the highest order
harmonic, Ih is the RMS value of h-sequence harmonic current, and I1 is the RMS value of
the first harmonic current.

Other stray losses are FHL-STR calculated according to Equation (10) [51]:

FHL−STR =
∑h=hmax

h=1

[
Ih
I

]2
h0.8

∑h=hmax
h=1

[
Ih
I

]2 (10)

where FHL-STR is the coefficient of other stray losses and h is the harmonic sequence.
The total current increase in system units is calculated according to Equation (11):

Ip.u. =

√√√√h=hmax

∑
h=1

I2
h,p.u. (11)

where Ip.u. is the current, in p.u., and Ih,p.u. is the current of h harmonic, in p.u.
Transformer losses after estimating the effect of harmonics and transformer load are

calculated according to Equation (12) [52]:

PLL =

(
PI2R·I

2
p.u.·

Sload
SN

2
)
+

(
PEC−N·I2

p.u.·
Sload
SN

2
·FHL

)
+

(
POSL·I2

p.u.·
Sload
SN

2
·FHL−STR

)
(12)

where Sload is the loading of the transformer, in kVA.

4. Testing of the Developed Algorithm and Prototype

The programmable logic controller (PLC) TM251MESE from Schneider Electric was
used to test the prototype. The reason PLC was used in this experiment is flexibility on
industrial protocols, easy access to the variables during the experiment, and in case of
mistakes in code, the possibility to change it online. This model was used because it could
obtain data by using the two most-used industrial protocols, Modbus RTU and Modbus
TCP/IP.

Two different subnets were available. The first subnet was used to connect devices
through Modbus TCP/IP, and the controller acted as a client in that subnet. The second
subnet was used to enable data storage and presentation in Supervisory control and data
acquisition (SCADA) or energy management (EMS) systems, and the PLC worked as a
server in that subnet.

The transformer data were entered before the test. When the test started, the code
implemented in PLC worked in the following cycle:

1. In the first cycle, PLC calculated the rated parameters of a power transformer. Calcu-
lations are described in Tables 1–3, and the ratio of total stray loss distributions was
obtained according to Table 4.

2. PLC started to read measurements from the power analyzer.
3. According to Equation (9), the eddy current loss factor is calculated.
4. According to Equation (10), the other stray loss factor is calculated.
5. Power losses are calculated according to Equation (12).
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6. The summation of calculated power loss and the measurement of load.
7. Result of summation and measured power of medium voltage values with a times-

tamp are sent to the database.

The algorithm’s block diagram can be found in Figure 3.
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An analyzer installed on the 10 kV side compared the calculated data and actual
measures. Measurements were accumulated at a sampling frequency of 1 s.

A TM-1000/10 (Y/Y-n) power transformer manufactured in 1987 was used during
the test. The test was performed in a real industrial environment; consequently, there was
no possibility of changing the loading of a power transformer. The only factor that was
allowed to change was the reactive power.

Transformer data from the label are listed in Table 5.
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Table 5. TM-1000/10 power transformer data.

Rated Power of
Transformer,

kVA

Rated Primary
Voltage, kV

Rated
Secondary

Voltage, kV

Idle Losses,
kW

Short-Circuit
Losses, kW Idle Current, % Short-Circuit

Voltage, %

SN U1N U2N ∆P0 ∆Pk i0 uk
1000 10.5 0.4 2.64 11.2 1.39 5.79

In low voltage distribution, the switchboard fixed power factor correction unit (FPFCU)
was installed. The nominal reactive power of FPFCU was 80 kVAr, and during measure-
ments, it was obtained that the real power was around 60 kVAr. It was not possible to
control the FPFCU externally; for this reason, it was switched off manually, and the exact
time of disconnection was obtained from the graph of measurements. The experiment was
performed in two modes:

• FPFCU is ON;
• FPFCU is OFF.

To determine the accuracy of the measurement, indirect loss measurement was used.
The equation is defined in Equation (13).

Ploss = Pin − Pout (13)

where Ploss is losses of the power transformer, Pin is input power from the medium voltage
side, and Pout is output power from the low voltage side.

The principle scheme of the experiment is shown in Figure 3. Two power analyzers
were used to measure the transformer’s power at medium and low voltages in order to
verify the computational algorithm. The most important parameters (current, voltage,
power, displacement power factor (DPF), and so on) were measured. In addition, addi-
tional parameters such as true power factor (TPF), total harmonic distortion of current
(THDI), total harmonic distortion of voltage (THDU), and individual harmonics of current
and voltage up to 15 V were measured. Data from a medium-voltage power meter was
transferred to a PLC and then to the cloud. The data from the power meter mounted on the
low voltage side were analyzed by the PLC and sent to data storage. The data acquisition
principle is depicted in Figure 4.
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5. Results

Before the experiment, it was known that the power transformer was not operating at
full capacity, so it was decided to disconnect the fixed power factor correction unit (FPFCU)
in the middle of the experiment to increase apparent power. The calculated active power on
the 10 kV side was compared with the measured active power, and the results are provided
in Figure 5. The average relative error of the calculations was 0.7%.
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Figure 5. Accuracy of calculation algorithm.

The fixed power factor correction unit was installed only with capacitors. The capacitor
is a linear reactive element and it does not generate harmonics. During the experiment, it
was observed that after switching off the FPFCU, current harmonic distortion was decreased
from 6 percent on average before to 1.9 percent on average after switching it off. The data
with measured THDI are provided in Figure 6.
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Figure 6. Total current harmonic distortion chart before and after disconnecting FPFCU.

Due to ongoing resonance between the FPFCU and the transformer, the harmonic
levels were increased. The most significant change occurred in the 11th-order harmonic,
where its maximum level 10.37% was recorded prior to disconnection of the FPFCU.
However, this harmonic level was no longer present following the disconnection of the
FPFCU. The change in current harmonics on average is provided in Figure 7.

Even when the transformer lost the FPFCU, and the apparent power was increased,
the transformer efficiency was also increased because of the smaller current harmonic
content. The transformer efficiency increased from 98.25% on average to 98.39% on average.
The graph of the transformer efficiency is provided in Figure 8.
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Figure 8. Transformer efficiency during the experiment.

For energy audit purposes, it is necessary to provide calculations of the better perfor-
mance system. In the PLC-implemented calculation to compare power transformer losses,
and power transformer losses in the case of TPF = 1, the transformer is 250 KVA of nominal
power. Results are provided in Figure 9.
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6. Discussion

The experiment shows that the calculation algorithm was working with an average
relative error of 0.7%. The prototype can be used for energy audits of power transformers
to give better insight into efficiency losses. During audits, it can help to find abnormal
operation modes such as resonance to avoid complications with power factor correc-
tion units. Furthermore, it can help to evaluate the economic return on investments in
power quality-enhancing devices or usage of higher class rather than in oversized power
transformers.

This prototype has real-time measurement and calculation advantages compared to
existing methodologies. Furthermore, it has the advantage of the flexibility to be connected
with different types of power meters, which are already installed in industrial companies.
Unfortunately, this calculation algorithm is a simplified version and has a time delay; for
this reason, calculations with eddyling software can achieve better accuracy.

As a potential field for future research, the usage of more advanced power analyzers
could be explored. These power analyzers have the capability to be programmed, enabling
them to perform calculations independently without relying on programmable logic con-
trollers (PLCs). Such an approach could potentially mitigate time delays and enhance
efficiency. In addition, those analyzers can measure higher-order harmonics with higher
measurement sampling.

7. Conclusions

The prototype was designed and tested to aid in conducting energy audits of a power
transformer in industrial operations. A programmable logic controller and a power meter
with a Modbus RTU connection were used in the prototype. Calculations in the PLC
were carried out following IEEE Std C57.110TM-2018 standards and tested using the
indirect measurement technique, with a relative calculation accuracy of roughly 0.7% when
compared to real medium voltage measurements.

During the experiment, resonance between the FPFCU and transformer was noticed.
After disconnection of the FPFCU, the current harmonic distortion was reduced from 6% to
1.9%. This indicates that the source of current harmonics is outside of the company’s net-
work. The change of the efficiency of power transformers increased from 98.25% to 98.39%;
thus, even a relatively small amount of THDI can have similar effects to system losses, as
reactive power and economic factor have to be considered. The need for those calculations
are more relevant due to the increasing number of nonlinear loads and increasing power of
renewable energy sources, which will lead to higher harmonic distortion.
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