
Citation: Parv, A.L.; Daicu, R.;

Dragoi, M.V.; Rusu, M.; Oancea, G. A

Method to Design Assembling Lines

for Super Premium Efficiency Motors.

Processes 2023, 11, 215. https://

doi.org/10.3390/pr11010215

Academic Editor: Antonino Recca

Received: 19 December 2022

Revised: 5 January 2023

Accepted: 6 January 2023

Published: 9 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

A Method to Design Assembling Lines for Super Premium
Efficiency Motors
Aurica Luminita Parv 1,* , Raluca Daicu 1, Mircea Viorel Dragoi 1 , Marian Rusu 2 and Gheorghe Oancea 1,*

1 Department of Manufacturing Engineering, Transilvania University of Brasov, 500036 Brasov, Romania
2 Electroprecizia Electrical Motors, 505600 Sacele, Romania
* Correspondence: luminita.parv@unitbv.ro (A.L.P.); gh.oancea@unitbv.ro (G.O.)

Abstract: Producing highly efficient electric motors remains a challenge nowadays. Given that the
legislation in the field requires the transition to the production of engines with increased efficiency,
for manufacturing companies, switching from one generation of engines to another can be a difficult
task. This paper analyzes ways to adapt the assembly of engines of the IE4 generation starting
from the assembly lines of the engines of the previous generation, IE3. The analysis of the assembly
process covers both the operator training part and the actual assembly part. Ten possible variants
for the assembly line and specific decisional variables have been defined. The decision to choose the
optimal assembly configuration was made using as management tools the matrix of consequences
and utilities. The validation of the theoretical model of the assembly line was carried out through a
case study built for two classes of electric motors, namely G90 and G180. For a total production of
IE4 electric motors of 20,000 parts/month, the analyzed variants, respectively, the two sizes (G90 and
G100) represent 35% (7000 parts/month) of the G90 size and 22% (4400 parts/month) the G100 size.
The aim is to provide a new modular assembly concept, which depending on the orders, can use, as
given in the conclusion of this article.

Keywords: electrical motors; super premium efficiency; modular assembly concept; assembling line

1. Introduction

Asynchronous electric motors play a major role in the current human civilization.
The transformation of electrical energy into the rotary motion of a shaft is the basis of
the operation of a multitude of machines and equipment [1–3]. As the main actuation
element, the efficiency of converting electrical energy into mechanical energy is an ongoing
concern. In this sense, efficiency standards have been developed [2,4]. The International
Electrotechnical Commission (IEC) developed 5 efficiency standards, IE1÷IE5, but for now,
the industry assimilates the IE4 standard [1,2,4].

In the activity of designing new types of engines, the following aspects are taken into
account:

• reduction of losses (in the stator winding, in the stator core, but also for slip losses in
the rotor);

• according to [5,6], solutions will be sought such as the copper windings will have a
higher profile (deeper notches in the stator or rotor core), thinner (below 0.5 mm), and
steel sheets will be used better for the core (Fe + C + Si alloy sheets obtained by more
special laminations);

• at the same time, the gap will be reduced, and the induced reaction (inherently
increased by reducing the distance between the stator and the rotor) will be improved
by specific methods (providing damping bars for rotors with visible poles or designing
pole pieces for those with buried poles, or through other more innovative methods) [7];

• special attention will be paid to self-ventilation through redesign and simulation with
specialized software [8];
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• better-performing bearings will be used for the motor shaft, both to increase me-
chanical efficiency in order to improve reliability and constructive solutions for easy
maintenance [9–12].

If the IE1÷IE5 asynchronous electric motors are compared with each other, it is found
that in most cases, they contain almost the same features, the differences being the motor
mounting, the motor size, etc. [13]. From the point of view of efficiency, the standards
regulate the following classification [1]:

• IE1 (standard efficiency);
• IE2 (high efficiency);
• IE3 (premium efficiency);
• IE4 (super premium efficiency);
• IE5 (ultra-premium efficiency—still little documentation).

Accepting the finding made previously, it follows that the design of the assembly
technological flow could be based on the existing one. Depending on the demand, in
most cases, the assembly of electric motors is done on an assembly line with a discrete
(discontinuous) cycle [14–16].

The transition to the assembly of IE4 asynchronous motors on existing assembly lines
(where IE3 asynchronous motors are assembled) involves the development of an assembly
strategy [17].

This paper is structured as follows: The aforementioned challenges towards suc-
cessfully manufacturing superior engines in terms of energy efficiency, starting from the
manufacturing lines of engines with the lower efficiency class, motivated the proposed
research.

In this research, a model of a modular assembly system is constructed. The modeling
process and optimization process are balanced online. The proposed method greatly im-
proves the optimization accuracy and efficiency of complex assembly processes compared
to other existing methods. Moreover, because the proposed method is implemented online
without interrupting the production line, it greatly decreases the manufacturing cost.

The proposed algorithms will advance the state-of-the-art technology to the course of
optimal manufacturing process performance.

The remaining paper is organized as follows. Section 2 presents the proposed assembly
technological flow algorithm. A case study is described in the next section. The results are
given in Section 4, and the paper is concluded in Section 5.

2. Materials and Methods

The case study results from a 2-year collaboration with Company Beta. In the three-
phase asynchronous electric motor market, there is an increase in demand for motors
with sizes G90 and G100. This finding makes it opportune to move the two sizes from
the IE3 standard to the IE4 standard. After design and approval, the two sizes in the IE4
standard will be assimilated into the series production of existing assembly lines. In order
to harmonize with the assembly of motors in the IE3 standard, it is necessary to develop a
strategy from the design phase of the assembly [18].

2.1. Design Strategy for the Assembly Technological Flow

In order to create a complete assembly documentation that is simple, easy to under-
stand and to apply, regardless of the standard of the motors, the following steps can be
taken:

(a) Grouping of engines by size (in most cases, it is done);
(b) Analysis of the drawings by dimensions and numbering, with the same digit, of the

common parts (as a rule, this aspect is neglected);
(c) Identifying the parts that are used for several dimensions (it is necessary to establish

the production capacity or to purchase them);



Processes 2023, 11, 215 3 of 17

(d) Elaboration of the detailed assembly operation plan at the operation level (the part
number from the engine drawing will be indicated), phases, handling and movements;
explanations will be given with photos (necessary for training);

(e) During the control operation, all activities will be highlighted in logical and temporal
order with the quantitative indication of the parameters to be measured (as a rule, it
is not given the needed importance);

(f) Identifying assembly operations where mistakes can be made (e.g., the order of
colored wires in the terminal box is practiced) and establishing preventive measures.

(g) Identifying solutions to prevent the incorrect order of the wires (e.g., a dot of colored
paint next to the terminal), an operation that will be included in the operations plan.

2.2. Analysis of the Possibility of Assembling IE4 Electric Motors on IE3 Three-Phase
Asynchronous Motor Assembly Lines

To see if it is possible to mount the IE4 engines on the assembly lines of the IE3 engines,
it is necessary to go through the following steps [19–21]:

• Establishing the number of electric motors and their power (the size of the electric
motor depends on the desired power) to be carried out monthly. For this purpose, the
number of IE3 electric motors assembled at least three months ago (if data is given,
preferably 6 months) is analyzed, identifying the trend of increasing or decreasing
demand. At the same time, the sizes with the most orders will be identified;

• Assimilation of assembly operations and operating times from IE3 electric motors to
IE4 electric motors;

• Based on the operational times, the current production capacity will be determined
(a single shift will be considered) for each operation, and it will be compared with the
number of IE4 electric motors proposed to be assembled each month;

• If it is found that it is not enough to work in one shift, an analysis of the production
capacity will be made for two and three shifts;

• In order to establish the strategy of development, the predominant manufacturing
series will be determined.

2.3. Case Study on the Possibility of Assembling IE4 Three-Phase Asynchronous Electric Motors
on IE3 Motor Assembly Lines

Enterprise Beta has to assimilate in manufacturing the three-phase asynchronous
electric motors in the IE4 efficiency standard. After design and homologation, based on the
first step in Section 2.2, it was decided to produce monthly 20,000 three-phase asynchronous
electric motors IE4 of various sizes. The technological process of assembling IE3 engines
was extrapolated for IE4 engines.

Further, based on the first step from Section 2.2 a division by dimensions was carried
out similar to the data in Figure 1, where it can be seen, for 3 months, the assembled number
of electric motors from the IE3 standard.

From Figure 1, it can be seen that 3316 engines were produced, with an average of
1105 engines per month. The largest share is held by the electric motor G90/1.5 kw (≈35%),
followed by the electric motors G100/2.2 kw and 3 kw (≈22%), which explains the start
of the design of new engines in the IE4 standard with these two models. At the same
time, it can be noted the diversity of the orders and the fact that the engines of larger size,
even if individually they were produced in a smaller series, three sizes, added up, slightly
exceeding the production of engines in the IE3 standard, size 90.
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Figure 1. Assembled motors in 3 months.

Diversity is the main characteristic that objectively determines ways to achieve a
flexible assembly.

The current assembly, on long linear lines, must be analyzed from the flexibility point
of view, which implies the identification of solutions for making it more flexible.

For the case study, the two sizes (G90 and G100) that will be produced will be an-
alyzed. Out of the total of 20,000 IE4 motors/month, 35% G90 size and 22% G100 size,
i.e., 7000 motors/month G90 and 4400 motors/month G100.

In Table 1, without detailing the phases and very close to reality, the operative produc-
tion times are given for each assembly operation (step 2 from Section 2.2). The assembly
of the stator is also included in the technological assembly process. Accordingly, the term
assembly-mounting will be used [20–23].

Table 1. Operating times for each assembly-mounting operation.

No. Op. Operation Name Operating Time top [Min]
G90/1.5 kW

Operating Time top [Min]
G100/2.2 kw and 3 kW

010 Stator assembly (on specialized machine, outside the
assembly line) 2.1 2.2

020 Drilling—Riveting 0.15 0.27
030 Assembling ”terminal box”
040 Motor mounting 2.1 3.3
050 Control 0.45 0.58
060 Assembling 0.45 0.70
070 Engine completion (mounting label, etc.) 1.15 1.3

To determine the production capacity for each assembly-mounting operation (step 3
from Section 2.2), it is necessary to calculate the annual effective time fund. Considering Zc
as the number of calendaristic days, Z1—number of working days, Ks—shifts coefficient,
and h—number of working hours per day, Table 2 shows the determination of the annual
and monthly effective time fund for one shift.
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Table 2. Determination of the annual and monthly effective time fund for one shift.

Time Fund Calculation Relation No. Hours Available Types of Losses

Calendaristic time fund, Fc Fc = Zc ·Ks·h 2920 h/year

Nominal time fund, Fn Fn = Z1·Ks·h 2000 h/year Losses due to Sundays,
Saturdays and public holidays

Available fund, Fd Fd = Z1·Ks·h·
(
1 − α

100
)

1900 h/year Losses due to repair of
machines and assembly line

Effective time fund per year, Fefy Fe f y = Fd − Tp 1710 h/year Unplanned losses due to
organizational deficiencies

Monthly effective time fund, Fef Fe f m 8550 min

The production capacity for each operation monthly is determined with the relation (1).

Cp =
Ks·Fe f

top

[ um
month

]
(1)

where:

Cp—production capacity;
Ks—shifts coefficient (Ks = 1; Ks = 2; Ks = 3);
top [min]—operational production time.

Table 3 summarizes the production capacity, at each operation, of an assembly-
mounting line when working in one, two or three shifts, compared to the monthly produc-
tion plan.

Table 3. The production capacity for each assembly-mounting operation.

No. Op.

G90/1.5 kW
Production Plan

Nmonthly = 7000 Pieces/Month

G100/2.2 kW and 3 kW
Production Plan

Nmonthly = 4400 Pieces/Month

Ks = 1 Ks = 2 Ks = 3 Ks = 1 Ks = 2 Ks = 3

010 4071 8142 12,213 3886 7772 11,658
020 57,000 114,000 171,000 31,666 63,332 94,998
030 4275 8550 12,825 2137 4274 6411
040 4071 8142 12,213 2591 5182 7773
050 19,000 38,000 57,000 12,214 24,428 36,642
060 19,000 38,000 57,000 14,741 29,482 44,223
070 7435 14870 22,305 6577 13,154 19,731

The assembly-mounting process consists of the following operations: 010—stator
assembly (on the specialized machine, outside the assembly line); 020—drilling–riveting;
030—assembling “terminal box”; 040—motor mounting; 050—control; 060—assembling;
070—engine completion (mounting label, etc.).

Based on the data in Table 3 allow, the following conclusions are drawn:

• Assembly of the IE4 G90 electric motor at Nmonthly = 7000 pieces can only be done if
the assembly-mounting line works in 2 shifts;

• The assembly of the electric motor IE4 G100 at Nmonthly = 4400 pieces can only be done
if the assembly-mounting line works in 2 shifts, but by adopting the organizational
measures for operation 030;

• If desired to assemble 20,000 pieces/month of the G90 size, one more assembly-
mounting line is needed, and both lines must work in 3 shifts;

• To synchronize assembly-mounting operations, especially since the assembly conveyor
is used, the operator from operation 020 will be trained to carry out operation 030 as
well;
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• Organizational measures will be adopted so that an operator can perform operations
050, 060 and 070;

• The transition to two and three shifts requires the hiring of new operators, which
implies their training.

3. Results

In order to be able to identify the organizational measures needed to assemble the
IE4 electric motors on the assembly lines of IE3 motors, it is necessary to determine the
length of the assembling lines with the identification of the active area [24–26]. At the same
time, in order to establish the assembly-mounting strategy, it is useful to determine the
manufacturing series [27].

3.1. Analysis of Assembly-Mounting Lines of IE3 Three-Phase Asynchronous Motors

Enterprise Beta performs the assembly operations of the IE3 asynchronous electric
motors on two assembly lines (Figure 2). The dimensions in the figure are not real ones but
are very close to reality.
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Figure 2. Determining the length of the assembly conveyors on which the IE4 asynchronous motors
will be mounted.

The lengths of the active zones for two types of IE3 engines of G80 size were identified.
A passive area is found between operations 040 and 050, where electricity is consumed
unnecessarily.

Obviously, the dimensions of the assembly conveyors have been established for as-
sembling the IE3 electric motor of the largest size, size which also has the longest length, in
which case the length of the passive area of the conveyor is minimal. The above observation
highlights the rigidity of the assembly lines in the case of medium series production [28–30].

3.2. Identifying the Way to Train the New Employed Operators

The transition to the assembly-mounting of electric motors in 2 or 3 shifts, as mentioned
in Section 3, requires the training of the newly hired operators. Currently, the training is
carried out directly on the assembly line through the observation method (Figure 3a) and
then the operator is put to work on the assembly line (Figure 3b).
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Figure 3. (a) Training through the method of observation; (b) The new operator working on the
assembly conveyor.

The method used has advantages and disadvantages.
Advantages: the observation is made directly on the assembly line; the operator

contributes directly to the assembly; minimal cost for training.
Disadvantages: the operator can lead to wrong assembles; assembly time slows down

due to lack of dexterity; the risk of injury also increases due to the lack of dexterity.
In conclusion, the productivity of the assembly line will decrease due to the previously

stated reasons.

3.3. The Possibility of Optimization of the Assemblymounting in the Variant of Using
Assembly Conveyors

If the demand changes, the cadence of the assembly line changes as well. If line
flexibility is low during peak periods, the assembly line may not be able to fulfill the
demand, and if the demand drops, the assembly line will operate below capacity.

According to [23,31–33], typically, the average production potential of an assembly
system is given by the assembly time of a product (t/pc) multiplied by the number of
products to be assembled in a period of time. As this potential usually exceeds the possi-
bilities of a workplace, it is necessary to split it. The split can be made both vertically and
horizontally.

When mounting the IE4 three-phase asynchronous electric motors, all three variants
can be considered, given the surplus surface intended for assembly.

Regardless of the adopted system, compared to the initial situation, it is necessary to
change the number of operators but also to supplement the technical means, especially if
the work plan is 3 shifts of 8 h each.

When assembling electric motors, splitting the assembly is preferred when the pro-
duction plan is various and the electric motors are easy to handle.

If the electric motors are large sized, their maneuverability is difficult, and as a result,
an operator performs several assembly operations at the same workplace (concentration
of assembly operations); therefore, the assembly is not cost-effective to be carried out on
assembly conveyors.

When it is necessary to increase the assembled number of electric motors in the
same time interval, adaptation options can be developed. Figure 4 shows an example of
adaptation to the initial situation The variant (Figure 4a) of the assembly line a can be split
vertically. Two new variants of configurations are described in Figure 4b,c.
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Due to the fluctuating market of electric motors, there may be a situation when the
cadence of assembly decreases, and as a consequence, compared to the initial situation,
(Figure 5a) adaptation options can be developed (Figure 5b,c).
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Figure 5. Variants to adapt the assembly compared to the initial situation (a) to the decrease in the
assembly cadence (b,c).

The previous solutions regarding the increase (Figure 4) or decrease (Figure 5) of the
assembly cadence do not remove the lack of flexibility of the assembly. In order to adopt
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an effective solution, it is necessary to determine the production system and, depending
on it, to develop radical optimization solutions. The specialized literature [23] presents
two methods with the widest use in determining the production system (type), namely, the
method of global indices and the method of constancy indices.

For the assembly-mounting of electric motors, it is recommended to use the method of
constancy indices that establishes the production system (type) at the part-operation level
in order to identify the degree of homogeneity and stability over time of the operations at
each workplace.

3.4. A New Way of Assembly-Mounting and Training—Case Study
Variants of Training Cells

As highlighted in the previous chapters, it is possible to assemble the new IE4 electric
motors on the current assembly lines. At the same time, it was pointed out that the demand
is diverse, which leads to the improper use of assembly conveyors. The transition to the
electric motors assembling in 2 and 3 shifts requires the training of new employees. The
training on assembling conveyors by the observation method has substantial disadvantages
with consequences for production.

A solution that is practiced in other enterprises in the electrotechnical industry, but
not only, is the creation of training cells where the operators will be trained to assemble, by
themselves, the entire electric motor. From the training cell, they will be promoted to work
on the assembly conveyors.

Because the assembly conveyor is characterized by productivity but also by rigidity
when changing the type of electric motor, for the Company Beta, it is proposed to create
modular training cells, which can easily be configured as an assembly conveyor.

Starting from the assembly-mounting operations presented in Table 1, it is proposed
to create training cells composed of 4 training modules. At a training module, all assembly-
mounting operations will be performed, except operation 010, which requires a specialized
machine.

The operator training cells required for the assembly of IE4 three-phase motors will
be designed with a dual role, namely, that of training but also that of assembly of electric
motors of large size or that are produced in small series. At the same time, they can also be
used for future electric motors in the IE5 standard, mounting both 1 piece for assimilations
and the zero series for approvals.

Figures 6–8 are the proposed configurations for training cells.
The determination of the training station number in a cell (4 stations) was based on the

current assembly technological process, presented in Table 1, as well as on the possibility of
transforming a training cell into an assembly cell or even an assembly line. Module 5, the
control, is not considered a permanent training position. In this module, after finishing the
assembly, each operator comes for verification. On this occasion, he is trained in the control
operation.

The configuration in Figure 7, in right angle, has 3 subvariants, depending on the way
the training modules and the control module are placed.

If desired to transform a training cell into an assembly cell, it is found, based on
Figure 8, that operation 020 and operation 030 can be performed on a single assembly
module, and after the Control operation, the engine will be transported to the packaging
and storage, in this way resulting in the need for 5 specialized tables. Assembly operation
010, requiring specialized equipment, and being at the beginning, will be carried out
separately from the training-assembly cell.

When designing any equipment and machinery used by workers, it is necessary to
respect the principles of ergonomics. The main element of the training cell is the work
module. If the assembly tables will be designed in a modular mobile system and if it is
desired that a training cell be transformed into an assembly cell for small and unique series,
the training cell must be completed with mobile storage for parts.
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For the training cell, a working module will be created that must meet the following
requirements:

• The work surface must be consistent with the largest size of the electric motor to be
assembled;

• The electric motor will be placed on a table on which there is a rubber surface;
• The tabletop, on which the electric motor is placed, will be made mobile so that it can

be easily rotated but also moved on rollers on the work table;
• The work on the module will be done in an orthostatic position (standing) so that the

operator will get used to and integrate easily into assembly on the conveyor belt;
• The work table will be placed on a mobile platform, resulting in a working module

and thus, the desired configuration can be achieved;
• The total height of the work module (including the mobile platform) will comply with

ergonomic principles;
• The coupling of the modules must be quick, easy and safe.
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3.5. Choosing the Optimal Variant for the Training Cell for the Assembly of IE4 Electric Motors
3.5.1. Theoretical Aspects Regarding Decisions under Conditions of Certainty—Global
Utility Method

To choose the optimal variant for the training cell, the global utility method will be
applied. After stating the decision problem, the matrix of consequences is created.

The characterization of the decision-making process is carried out considering:

• the set of variants (Vi), where i ε {1, 2, . . . m};
• the set of criteria for evaluating the variants (Cj), where j ε {1, 2, . . . n};
• importance coefficients for criteria (kj), where k ε {1, . . . n};
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• matrix of consequences C = (cij)—consequences where, i ε {1, 2, . . . m}, j ε {1, 2, . . . n}.

After creating the matrix of consequences, the matrix of utilities will be created.
Utilities have values between 0 and 1. They are calculated according to the relation:

uij =
(
cij − c0j

)
/
(
c1j − c0j

)
(2)

where:

c1j—the most favorable consequence;
c0j—the most unfavorable consequence;
cij—current consequence.

The decision based on the utility matrix will generate as the optimal variant the one
for which the relation (2) is fulfilled.

If the consequences k(1) = k(2) = . . . . k(j) . . . . . . . . . = k(n), then the optimal variant
Vopt will be the one that fulfills the relation (3).

Vopt = max ∑n
j=1 u(i, j) (3)

3.5.2. Choosing the Optimal Variant by the Global Utility Method—Case Study

In order to create the matrix of consequences and the matrix of utilities, it is necessary
to establish the assessment criteria and the importance of each criterion for all variants
of training cells [23,26]. In the case of training cells, in order to assemble IE4 engines, the
evaluation criteria can be the following:

• C1—Training cell surface;
• C2—Maximum distance to control table;
• C3—The shape of the surface occupied by the training cell (ratio L/l);
• C4—The degree of universality of the cell (it can turn easy, medium or difficult into an

assembly cell).

The importance coefficient of each criterion can be:

• Training cell surface, k1 = 0.25;
• Maximum distance to control table, k2 = 0.15;
• The shape of the surface occupied by the training cell (ratio L/l), k3 = 0.2;
• The degree of universality of the cell (it can turn easy, medium or difficult into an

assembly cell), k4 = 0.4.

In order to determine the surface occupied by each variant, it is necessary to measure
the component elements taking into account the ergonomic principles.

• Training module surface SM = 1.2 mp;
• Surface of the control and labeling module SCL = 1.2 mp;
• Transport module surface STR = 0.64 mp;
• Distance between training modules DM = 1000 mm;
• Distance between training module, control module and access path or walls DAP = 1000 mm.

The above data are simulated data; they will change according to the maximum size
of the new generation of engines and respecting the ergonomic elements.

The matrix of consequences for the 10 variants of training cells can be seen in Table 4.
With the help of the matrix of consequences, the matrix of utilities is created (Table 5).
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Table 4. Matrix of consequences.

Criteria Variant C1 C2 C3 C4

V1 25.89 2.21 8.6/3.01 = 2.86 medium
V2 29.7 2.83 9/3.3 = 2.73 easy
V3 30.8 4.18 8.8/3.5 = 2.51 medium
V4 20 3 5.62/3.56 = 1.58 difficult
V5 25.84 3 6.8/3.8 = 1.79 difficult
V6 23.04 2.8 4.8/4.8 = 1 difficult
V7 24.09 5.5 7.3/3.3 = 2.21 easy
V8 27.84 5.15 5.8/4.8 = 1.21 easy
V9 24.09 6 7.3/3.3 = 2.21 easy
V10 22.62 3.05 5.8/3.9 = 1.49 difficult

kj 0.25 0.2 0.2 0.35

Table 5. Utility and decision matrix for training cells and, if necessary, conversion to serial assembly cell.

Criteria Variant C1 C4 C3 C4
4
∑
j=1

u(i,j)·k(j)

V1 0.45 1 0 0.33 0.428
V2 0.1 0.84 0.07 1 0.557
V3 0 0.48 0.19 0.33 0.2495
V4 1 0.79 0.69 0 0.546
V5 0.5 0.79 0.58 0 0.399
V6 0.72 0.84 1 0 0.548
V7 0.62 0.29 0.35 0.67 0.5175
V8 0.27 0.22 0.89 0.67 0.524
V9 0.62 0 0.35 0.67 0.4595

V10 0.76 0.78 0.74 0 0.494

kj 0.25 0.2 0.2 0.35 4
∑

j=1
k(j) = 1

Table 5 shows that the optimal variant of the training cell and if desired, its transforma-
tion into a serial assembly cell (modules are connected in the order of assembly operations)
is V2.

However, if the cell is only for training, criterion 4 will be dropped, and the decision
will be made according to Table 6.

Table 6. Utility and decision matrix for training cells only.

Criteria Variant C1 C2 C3
4
∑
j=1

u(i,j)·k(j)

V1 0.45 1 0 0.38
V2 0.1 0.84 0.07 0.236
V3 0 0.48 0.19 0.172
V4 1 0.79 0.69 0.834
V5 0.5 0.79 0.58 0.59
V6 0.72 0.84 1 0.856
V7 0.62 0.29 0.35 0.446
V8 0.27 0.22 0.89 0.508
V9 0.62 0 0.35 0.388
V10 0.76 0.78 0.74 0.756

kj 0.4 0.2 0.4 4
∑

j=1
k(j) = 1

Table 6 shows that the optimal cell variant only for training is V6.
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If it is desired to assemble several electric motors in parallel (e.g., a series of 5 pieces)
where the operator will do the complete assembling, then the matrix of consequences will
undergo changes to the fourth assessment criterion (Table 7), and the matrix of utilities and
decision is shown in Table 8.

Table 7. The matrix of consequences when the training cell is configurable for the complete assembly
of the electric motor by an operator.

Criteria Variant C1 C2 C3 C4

V1 25.89 2.21 8.6/3.01 = 2.86 medium
V2 29.7 2.83 9/3.3 = 2.73 easy
V3 30.8 4.18 8.8/3.5 = 2.51 medium
V4 20 3 5.62/3.56 = 1.58 difficult
V5 25.84 3 6.8/3.8 = 1.79 difficult
V6 23.04 2.8 4.8/4.8 = 1 difficult
V7 24.09 5.5 7.3/3.3 = 2.21 easy
V8 27.84 5.15 5.8/4.8 = 1.21 medium
V9 24.09 6 7.3/3.3 = 2.21 easy
V10 22.62 3.05 5.8/3.9 = 1.49 difficult

kj 0.25 0.2 0.2 0.35

Table 8. Utility and decision matrix when the training cell can be configured for complete assembly
of the electric motor by an operator.

Criteria Variant C1 C2 C3 C4
4
∑
j=1

u(i,j)·k(j)

V1 0.45 1 0 0.33 0.428
V2 0.1 0.84 0.07 1 0.557
V3 0 0.48 0.19 0 0.134
V4 1 0.79 0.69 0 0.546
V5 0.5 0.79 0.58 0 0.399
V6 0.72 0.84 1 0 0.548
V7 0.62 0.29 0.35 0.67 0.5175
V8 0.27 0.22 0.89 0.33 0.405
V9 0.62 0 0.35 0.67 0.4595

V10 0.76 0.78 0.74 0 0.494

kj 0.25 0.2 0.2 0.35 4
∑

j=1
k(j) = 1

Decision: The optimal variant is the V2.

Another way of carrying out the assembly is proposed, namely the mixed one, where
all the motor frames of the future electric motors are placed on a long bench, and the
operator, after completing the entire assembly of an electric motor, will move to the next
motor frame where will assemble completely another electric motor.

4. Discussion

In order to improve the assembly activity for assimilating the new IE4 three-phase
motors, it is proposed to establish cells for the training of new operators and also for the
training of experienced operators when a new product is assimilated. The novelty of the
proposals consists of the following:

• A training module must allow the translation and rotation movement of the electric
motor in various assembly phases to continue the assembly to another module when
it is carried out in series (assembly conveyor);

• It is proposed to create mobile transport modules;
• If the training cell is also intended for assembly if needed, it is necessary to create

modular storage for parts that can be easily supplied and, at the same time, easily
moved;
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• Observance of ergonomic elements is indispensable for minimizing operator fatigue
during both training and assembly;

• A training module will have three levels: the first level is at the base of the module for
mobility; the second level is the body of the module; the third level is the assembling
table to allow the movements necessary to move and rotate the electric motor;

• 10 variants of training cells are developed and analyzed;
• To identify the optimal option according to the assessment criteria, the global utility

method is used for decision-making, which reduces subjectivity to a minimum;
• Depending on the desired assessment criteria, it is found that the optimal option for

the implementation of the training cell may be different;
• If the training cell is intended only for the training of new operators, then the V6

configuration is the optimal one;
• If the cell will be used both for training and, if necessary, for series or parallel assembly,

the optimal variant is V2, which allows very easy configuration for the transition from
training to series or parallel assembly;

• The matrix of consequences and utilities allows the decision to be made even when
restrictions appear (e.g., the available space has the necessary area but is square-
shaped), and in that situation the optimal option might be different.

The research implications of the assembly line proposal are highlighted by the appli-
cability of such a model. Our focus was only on certain IE4 electrical motors production.
Other approaches that are not included in this study may be integrated into the proposed
method.

5. Conclusions

The developed research can lead to a new concept of assembly of electric motors at a
specific enterprise, namely, the modular assembly concept, which depending on the orders,
can use the optimal assembly configuration.

The training cells should be made modular so that the desired configuration can easily
be mad and can be easily transformed into a serial assembly cell (assembly line). The
assembly cell can be easily transformed into an assembly cell in the unique production (the
electric motor will be completely assembled by the same operator).

It is proposed to create mobile training modules that, if necessary, can be arranged
into any configuration.

As a limitation of the present work, it is noted that the customization of the assembly
problem, in particular, aims at the transition from the production of IE4 engines by adapting
the existing manufacturing lines for the engines of the IE3 efficiency class. As a future
direction of research, the authors aim to generalize this solution.
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