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1. INTRODUCTION

Electrical machines play an essential part in industries that deal with energy conversion. These
machines can be used for many purposes like industrial and agro applications. There are some conventional
motors present in the market that has proven their worth, like single phase induction motor, permanent
magnet DC (PMDC) motor, brushless DC (BLDC) motor and universal motor [1]. The universal motors can
be used in many domestic applications such as mixers, grinders, vacuum cleaners; small power tools, some
industrial products, in ac drive circuits, and agriculture applications [2]. Universal motors have a high starting
torque and a variable speed characteristic. The motor has worked on high-speed rotation, low cost, good
power density, reliable, controllable and use simple materials. Due to the presence of brushes on the
commutator, it faces wear and tear mechanism, which leads to less efficiency than DC motor [3], [4]. The
design of electric machine is a tedious task; it consumes a lot of time and effort. It is good practice to design
a motor before building it as it saves time and money [5].

In recent years many researchers have done their practices to enhance the performance of universal
motor present in the literature. The author economically designed motor for feasible applications using rotor
ends by changing the magnetic flux density and material, to determine eddy current and loss analysis, there is
enhancement in performance [6]-[9]. The author compared the performance of universal motor and BLDC
motor drive using simulink for the grinder and mixer [10]. The author presented the behavior scanning of the
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universal motor works on the AC and DC supply, which was achieved with MATLAB Simulink's help to
know the motor's better performance on which supply results that motor performs better on DC supply [11].
The author analysed the core losses of the induction motor for the various steel materials [12]. The author
design motor for fan application with characteristic of torque ripple reduction and improved magnetic
behaviour [13], [14]. The predictive approach was applied to control the tracking problem for polysolenoid
motor [15]. Design motor with the even number of pole/slot combination for static and dynamic analysis
[16]. Proposed 550-watt deep slot universal motor run on 9,500 rpm speed for powerful electric tools. The
motor was simulated on finite element method (FEM) based MagNet software and experimentally tested. The
analysis was performed with different variables to enhance the performance of the respective motor [17].
Innovatively proposed a combination of two windings in the existing design of the universal motor, which
significantly improves the motor's torque ripples and core losses [18]. Efficiency and loss analysis of the
universal motor by extracting mathematical modeling. The power loss of the motor universal was improved
with the help of MATLAB Simulink software for mixer grinder applications [19]. A performance
comparison of 2 poles and 4 poles universal motor, and the results were given at the rated speed of the motor.
It was stated that the commutation process of a 4-pole motor is better than a 2-pole motor which provided a
better new design of universal motor by varying the numeral of armature slots and simultaneously [20]. A
comparison of induction motor and universal motor model for the washing machine application. The
performance parameters efficiency, induced voltage, current, speed and torque was determined and compared
with the experimental setup [21]. The universal motor design for the washer application. The model was
simulated in Simulink of MATLAB based on the AC and DC supply the difference between the results of
transformer voltage, commutation, saturation effects, and armature reaction were compared and analysed
experimentally [22]. Lin et al. [23] proposed the model of a universal motor to improve the commutation
process by shifting the brush angle from the neutral position by just not concentrating on the d-axis and -
axis with finite element analysis. Miller and Willing [24] were willing to analytically calculate all the values
of inductances for the motor design by shifting the lag coil angle. Then, the designed model was analysed
with finite element analysis (FEA) and experimentally. The commutation phenomenon of universal motor
considering the optimum values of fraction of commutator width and brush width using FLUXR software.
The effect of this process on the efficiency and brush life was examined [25]. The universal motor to
determine brush to bar voltage drop through FEA having time stepping analysis. The design was observed
compared with conventional analysis was more accurate [26]. The universal motor model to determine the
self-inductance and mutual inductance coefficients, as well as the electromotive force created in the coil
sections taking into account magnetic saturation, the brush-commutator voltage drop, and electric arc was
determined [27].

The objective of the present work is to show that the change in pole embrace factor and brush angle
have considerable effects on the performance of universal motor with the help of parametric analysis. The
finite element method-based software helps to realize the performance of the motor. The electrical and
transient analysis of the solution determined the better average torque and efficiency of the motor. The
universal motor is studied for specific agro applications like grinding, winnowing, and threshing.

2. METHOD

The universal motor mathematical model based on mathematical equations of voltage and power is
presented in this section. Figure 1, shown is the universal motor equivalent circuit. The operating conditions
of this motor voltage and current equations are the same as a DC series motor.
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Figure 1. Equivalent circuit of universal motor
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The supply current is equal to the armature current, and field currents is mentioned in (1). Voltage
drops across field winding, back emf, voltage drops across armature winding, mutual inductance voltage
drops, and the voltage drop across brushes are calculated according to (2)-(6) respectively.

I=1,=1I @)
Ve = Rl + L CD) (2)
Ey = 27 3)
Vo= Ralq + La(52 (4)
Em = Lo(G)d) 5)
V=V,4 Vi +En+ Ey+ Vg (6)

Where, V=supply voltage, I=load current, E,=back emf, Vps=voltage drop across brushes, l.=current of
armature, l=field winding current, Ra=resistance of armature winding, Rs=resistance of field winding,
L.=inductance of armature winding, Ls=inductance of field winding, Ls=mutual inductance between armature
winding and field, Ni=field winding number of rotational turns, Na=number of turns of armature winding.

The thickness of brushes has a profound influence on the computation conditions. Total brush
contact area per spindle is the ratio of current carried by each brush spindle to the current density in the
brushes. The losses in the commutation processes are the brush contact losses and brush friction losses. The
brush contact drop is independent of load current. The typical value of brush drop is around 1 volt. The brush
friction loss depends upon the brush pressure, the commutator's peripheral speed and the friction coefficient
between the brush and the commutator. It can be calculated as (7).

Brush friction loss = uP,A,V, @)

Where p=coefficient of friction, P,=brush contact pressure on commutator (N/m?), Ap,=total contact area of
all brushes, and V.=peripheral speed of the commutator (m/s)

To avoid delayed commutation process, a heavy short circuit and spark at the brushes should be
shifted backwards opposite to the direction of rotation for motors to bring them into the magnetic neutral
zone. The effect of this brush shift is to resolve the armature winding into two component windings. The
Winding produces some extra mmf, which acts directly against the field mmf. The armature winding
produces cross magnetizing mmf whose axis is at 90° with respect to the main field; therefore, demagnetizing
mmf is called the cross-magnetizing component of armature reaction.

Demagnetizing mmf per pole = Total armature mmf (12—;))

The cross magnetizing mmf per pole equals the difference between the total armature mmf per pole
and the demagnetizing mmf per pole.

Cross-magnetizing mmf per pole =Total armature mmf (1 - %)

2.1. Power losses in universal motor

Efficiency is the proportional ratio of output power to input power, which depends on various power
losses, i.e., copper loss, brush loss, friction loss, core loss, and ventilation loss. The friction loss, brush loss,
and ventilation loss depend on the motor speed.

2.1.1. Copper losses
Copper losses occur when current flows through a copper-made conductor, the copper loss is two
types field winding copper loss and armature winding copper loss.

Copper loss of field winding = IfRf
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Copper loss of armature winding = I2R,

2.1.2. Core losses
Core losses occur in a magnet's core because of alternating magnetization, and core loss is the
integral sum of eddy current and loss hysteresis loss. Hysteresis loss can be calculated by (8) and (9).

P, = KyBnfm (8)

Py = Kh(ﬁ)n(?)m ©)

Where k; is the material hysteresis constant, B is the flux density maximum, n is the exponent of material-
dependent, f is the frequency, m is the mass, A area of core, P is number of poles, N is speed, and ¢ is flux
around the air gap. The eddy-current loss can be determined by (10) and (11).

P, = K.B*f?m (10)

P = K.(22(Em (11)
Where K. is the material-dependent constant of eddy current.

The frequency squared influences the eddy current loss and hysteresis loss, which rises linearly with
frequency [28]. The representation of the pole embrace factor is given in Figure 2, which is defines as the
ratio of pole arc to pole pitch of the motor. According to the literature, this factor must be less than unity or
between zeros to unity [29].

Pole Pitch
/ Pole Arc \

Figure 2. Representation of pole embrace factor

Previously, the researchers developed an equivalent circuit method to analyse the performance. But
electromagnetic parameters were not appropriately analysed, which diverted the designing of the machine
towards the use of advanced technologies of computational electromagnetics. Various computational methods
are present to design electromagnetic device and electromechanical instruments. The finite element method is
chosen among the various computational techniques to determine electromagnetic issues. It is the best method
that the designer could assist, and the researcher can perform electromagnetic calculations on real-world
problems [30]. The FEM is suitable for low-frequency electromagnetic problems, notably in rotating electrical
machine design, among the several techniques available for handling electromagnetic difficulties. Finite
element analysis is a computational tool that uses mesh generation techniques to divide a complex problem
into small elements and software coded with a FEM algorithm. When using FEA, the complex problem is
usually a physical system with the underlying physics expressed in either partial derivative equations (PDE) or
integral equations. Simultaneously, finite element analysis tools could assist designers and researchers in
performing electromagnetic calculations more accurately. In contrast, the divided small elements of the
complex problem represent different areas in the physical system [5], [31]. Among the three main stages first
one is pre-processing. This FEM tool involves various analysis of magnetostatic, steady state, thermal, eddy
current, and transient of the non-linear, permanent magnet materials [32]. The application area wides in
electromechanical, electrical instruments in which the discretization of the elements has been done on
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geometrical domain. The intermediate stage includes the actual solution in which loading conditions has been
applied and actual solution has been configured. The last stage is displaying the results through the graph or
visual form, which is the post-processing stage [33], [34].

The design of a universal motor has been created using ANSYS Maxwell software. The power
ratings of the motor considered are 1 hp and 120 V. The dimensional parameters of motor has been tabulated
in the Table 1.

Table 1. Dimensional parameters of universal motor

Parameters Values
Stator core outer Diameter (Dso) 61.7 mm
Rotor core outer Diameter (Do) 37mm
Stack length 33.35 mm
Stator yoke thickness 5.2 mm
Rotor core Diameter (Dy;) 12.1 mm
Frequency 50 Hz
Stator/rotor material Steel 1008

Both stator and rotor core are made of steel_1008. The magnetisation curve of the silicone material
used is shown in the Figure 3. It has shown the magnetic field density transition value, i.e., 1.6 tesla. The
material used has good thermal stability for the motor design having a 2/12 pole slot combination.
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Figure 3. Magentisation curve of steel 1008 material

3. RESULTS AND DISCUSSION

The parametric approach method adopted for the performance analysis of the universal motor’s
model. The vital factors that should be considered are high efficiency, less loss, low volume and optimal cost.
The efficiency parameter is determined to follow the model's requirement. The two variables selected are
brush angle and pole embrace factor. There is a trade-off between the two variables w.r.t parameters.The
value of the brush angle varies from 5° to 22.5° with the step value of 2.5°, and pole embrace value varies
from 0.55 to 0.9 with the step value of 0.05 as a result of consideration of physical constraint. The parametric
analysis has been performed to check the performance of the motor for total 64 values. Further, the
optimization techniques are performed to analyse the results.

To select the optimum value of variables from the intermediate values for the rated torque, and the
high efficiency performance criteria of the motor is followed. But it is not always easy to find the one single
value. Sometimes better values lie in some region where one should decide taking into some priorities in the
design. The graphical representation of rated torque with the variation of brush angle and pole embrace is
shown in Figure 4. The graph depicts maximum value is 584.906 mNm at 5° and 0.85 pole embrace value
and a minimum value 379.2 mNm at 22.5° and 0.9 value of pole embrace. Here the feasible region criteria is
used for selection. The graphical representation of efficiency with variation of brush angle and pole embrace
value is shown in Figure 5. The maximum efficiency of 73.15% lies at point 5° and 0.65 value and the
minimum value of efficiency 51.273% lies at point 5° and 0.9 value of pole embrace factor.
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Figure 4. Rated torque w.r.t. pole embrace factor and brush angle
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Figure 5. Efficiency w.r.t. pole embrace factor and brush angle

From the above results the optimum point is selected based on the high performance of the motor. It
is shown that at 0.65 pole embrace and 5° brush angle, motor has high efficiency as compared to the other
combination values. Moreover, for the rated torque, the intermediate value selected also lies at this point.
Further analysis of the motor has been performed at the optimum value of 0.65 and 5° keeping rest of the
dimensional parameters same. The graph of air gap flux density with variation of electric degree of rotor is
shown in Figure 6. It depicts value of air gap flux density is maximum between 35 to 140 electrical degrees.
The graph of output torque with variation of speed is shown in Figure 7 which depicts the starting output
torque is 1.3 Nm with respect to variable speed of rotor and rated torque is 0.38 Nm with a rated speed.
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Figure 7. Output torque w.r.t speed curve

The graphical representation of efficiency with speed variation is shown in Figure 8. It depicts that
at the optimum point of selection; for the rated speed of 15,000 rpm the value of efficiency is 63.1% and
maximum efficiency is 86.11% when rotor at 29,321 rpm speed of the motor. The graphical representation of
input current and speed is shown in Figure 9. This depicts the starting current motor takes is 15.2 A and rated
current of motor is 4.92 A with variation of speed of the rotor.
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Figure 8. Efficiency w.r.t speed (rpm) curve
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The transient analyses of motor are carried out at the optimum point using the FEA, which has four
steps. The initial step involves motor modelling in which the meshing formulation of the model is performed.
In addition, the analysis is carried out using FEA Solver. Then, using the interpolation function, the solution
for the entire mesh is approximated, and based on the solution, desired parameters or variables derived are
computed in the whole domain. The overview of the FEM based analysis model of the motor is given in
Figure 10. The motor with plot meshes of 4027 shown in Figure 11. It shows the mesh formation at a specific
time and rotor position.

Figure 10. FEM analysis of motor Figure 11. Plot mesh FEM analysis of motor

The electromagnetic torque of the motor with change of time is shown in Figure 12. The average
torque value is 206 Nm, minimum torque is 390.5 Nm and the maximum value is 568.6 Nm. The torque
ripple of the model is 0.864. The winding current for the coil 0 is shown in Figure 13.
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Figure 13. Winding current with the change of time

The magnetic field density and magnetic flux lines of specific rotor position is shown in Figure 14
and Figure 15, respectively. It shows that the motor does not operate at a value when the model runs into
saturation condition. The magnetic flux lines are lies in between the boundary region of the model.
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Figure 14. Magnetic flux density of the motor
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Figure 15. Magnetic flux lines of the motor

Fast fourier transform (FFT) of the model analyses is also carried out to know the harmonic with
noise contained. To know the harmonic contained in torque and in winding current, its FFT analysis is given
in Figure 16 and Figure 17. It shows the noise contains in torque and winding current.
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Figure 16. FFT graph of moving torque with the variation of time of the motor
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4. CONCLUSION

In this research paper, the universal motor is analysed with the help of the finite element method for
agro applications. The motor performance was analysed with the variation of brush angle and pole embrace
factor value. The optimum value of the variable is selected, and it observes that the model's efficiency is
higher than the generalised motor. The efficiency of the optimal model at the optimum point of brush angle
5° and pole embrace value 0.65 is 73.15% and remain 26.85% will be the losses. This model is realised with
good average torque as compared to the rest of the combinations of the variables. However, it also increases
the current and speed of the motor. The rated torque and electromagnetic torque is enough to operate the
motor for the proposed application. The flux density of the model is not saturated at the tooth of the universal
motor. Further, the speed of the motor can be controlled with the speed control methods of the motor.
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