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ABSTRACT

Article history:

This paper aims to evaluate the performance of synchronous reluctance
motors assisted by a permanent magnet (PMa-SynRM) focused on efficiency
and torque pulsations. PMa-SynRM shows high efficiency and power factor,
compared to induction motors (IM), although they have a greater cost. These
machines develop relatively high torque ripple, cogging torque, and torque
imbalances. Consequently, the electromagnetic torque is reduced, the motor
temperature is increased, and mechanical vibrations are induced. The optimal
design of the machine structures such as flow barriers, permanent magnets,
and stator slots, among others, allow reducing torque pulsations. A
comparison is made between different designs of the PMa-SynRM reported
in the scientific literature, and the effects on efficiency, torque pulsation, and
operating costs are evaluated. A case study on the motor driving the air
conditioner blower in a hotel room was made, to determine the best
economic variant between IM or PMa-SynRM. A sensitive analysis was
made to evaluate several uncertainties. The advantages of using one of the
PMa-SynRM analyzed were demonstrated. Also, it was proved that the
investment is feasible economically, although NPV and payback are not the
best, due to low load factor in inverter-controlled motors in air conditioners.
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1.

INTRODUCTION
Electric motors are among the main consumers of electrical energy, representing around 50% of
world consumption and around 67% of electricity consumption in the industrial sector [1], [2]. Due to this,
technologies such as solid-state adjustable voltage–frequency controllers [3], [4] and regulatory mechanisms
such as minimum energy-efficiency performance standards (MEPS) have been implemented [5] to reduce the
consumption of electrical energy in the motors. MEPS aims the gradually commercialize and use motors with
high levels of efficiency such as IE4 (super-premium) and IE5 (ultra-premium) [5], [6].
The high demand to achieve these levels of efficiency has driven the development and design of
new technologies in electric motors. Emerging technologies include permanent magnet synchronous motors,
synchronous reluctance motors, and a combination of these technologies such as synchronous reluctance
motors assisted by a permanent magnet (PMa-SynRM) [6]-[8].
PMa-SynRM shows high efficiency and power factor compared to induction motors (IM), although
they have a greater cost. Both their design and their manufacture are complex [9]. Furthermore, these
Journal homepage: http://ijpeds.iaescore.com
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machines develop relatively high torque pulsations [10]-[12]. The high torque pulsations are due to the
complex structure of the PMa-SynRM. Figure 1 (a) shows the structure of a PMa-SynRM without the
permanent magnets (PM) in place. In Figure 1 (b), the details of the structure of a rotor lamination with the
PM inserted are given [13].

(a)

(b)

Figure 1. Structural details of a PMa-SynRM, a) PMa-SynRM without the PM in place, b) Rotor lamination
arrangement with de PM in place [13]

The torque pulsations have two main components: torque ripple and cogging torque. Besides, this
machine presents important mechanical and magnetic imbalances. As a result, the average electromagnetic
torque is reduced [14], the motor temperature is increased, and unwanted mechanical vibrations are induced,
causing noise and premature bearing aging and the reduction of the life span [15]-[19]. Additionally, they can
affect the stability of motor control, especially at high speeds.
Torque ripple results from the interaction between the spatial harmonics of the stator
magnetomotive force and the air gap permeance. They are high, due to the toothed structure and the presence
of PM in the PMa-SynRM. So, in this type of motor, reducing torque pulsation is one of the highest priorities
in its development. The percent of (% Tripple) is the relationship between the variations of the peak-to-peak
torque (∆Tpp) to the average torque (Tave) in an electric cycle. It is given by (1).
% 𝑇𝑟𝑖𝑝𝑝𝑙𝑒 =

∆𝑇𝑝𝑝
𝑇𝑎𝑣𝑒

100

(1)

In Figure 2 a torque wave is given, where: average torque is 5.1; peak-to-peak torque is 0.867 Nm,
and the percentage of torque ripple is 17% [9].

Figure 2. Torque wave [9]

Cogging torque occurs primarily when the sides of the stator teeth match the sides of the rotor teeth
and a torque component is required to break the attraction that occurs. Another common cause of cogging
torque is due to slight asymmetries in the magnetic field generated by the windings, which cause variations in
reluctance, depending on the rotor position [20]. The contribution of this paper is the evaluation of the
performance of the operation of PMa-SynRM focused on efficiency and torque pulsations, specifically the
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problems of torque ripple and cogging torque are assesed. In several works the operation of PMa-SynRM has
been analyzed [15]-[19], however, none of them is an analysis with the approach proposed in this study.
Firstly, an analysis of optimized PMa-SynRM design dimensions to reduce torque pulsations is
carried out. A comparison between different variants of this motor is made to evaluate the effects on
operational characteristics and advantages and disadvantages in other factors, including costs. A case study
on the motor that drives the air conditioner blower in a hotel room was made, to determine the best variant:
employing an IM or one of three PMa-SynRM types obtained. The advantages of using one of the PMaSynRM was demonstrated.

2. RESEARCH METHOD
2.1. Effects of rotor design parameters on torque pulsations
The most important difficulty encountered in the design and operation of the PMa-SynRM is torque
ripple. When studying the bibliography related to the reduction of this phenomenon, it is evident that among
the design parameters that more affect torque ripple is: the number of rotor flux barriers, stator slots/rotor
flux barriers, quantity position of PM and insulation ratios (kq and kd). In [21] a design procedure is
developed for a PMa-SynRM of a washing machine, based on a finite element software. The objective is to
achieve the best design that gives the rated average torque induced, with minimal torque ripple. The rated
motor values are 1.1 Nm, 563 rpm, and 1.62 A for the washing mode and 0.2 Nm, 13200 rpm, and 3.2 A for
the spin mode.
The designed stator has 36 slots, with a distributed three-phase, 4-pole winding, integral slots per
pole. The conductor current density selected was 4.7 A/mm2 for the washing mode (which demands low
power), and 7.4 A/mm2 for the spinning mode (which demands high power). In Figure 3, the diagrams to
determine the best variant in terms of the number of flux barriers are shown; and in Table 1, the effect that
the number of flux barriers causes on average torque and torque ripple for the washing mode case can be
observed. Initially, the selected values for kq and kd are those given in [22] as optimal (kq = 0,6 and kd =1),
which remain constant during the analysis.

Figure 3. Scheme of the variants with different numbers of flux barriers [22]

Table 1. Effect of the number of barriers on the average torque and torque ripple [22]
Ave. torque (Nm)
Torque ripple (%)

36 slot stator (kq = 0.6, kd = 1)
1 barrier
2 barriers
3 barriers
0.763
0.795
0.805
15.07
13.38
10.90

4 barriers
0.821
9.90

According to Table 1, the best variant is that of 4 barriers. However, considering the dimensions of
the motor (with a lamination package of 32 mm long and 117 mm of external diameter), it is necessary to
select only 3 barriers, to guarantee adequate rigidity and mechanical resistance.
In the next step, the best isolation ratios are determined. It is obtained: kq = 0.9 and kd = 1, which
differ from those obtained in [22]. As for the PM to be inserted in the flux barriers, the best variant is
obtained with the following parameters: PM type: ferrite; number of PM and position per pole as depicted in
Figure 4 [21]; PM volume: 19.12 cm3. The data with these model values are given in Table 2. With these
results, a prototype was built. The experimental results were satisfactory.

Reducing torque pulsations in PMa-SynRM: a way for improving motor performance (Percy R. Viego)
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Figure 4. Best variant arrangement [21]

Table 2. Selected model parameters
Ave. torque
(Nm)
1.345

Torque ripple
(%)
6.7

Current
(A)
1.6

Efficiency
(%)
69

Power factor
(p.u.)
0.77

One way to reduce cogging torque is by properly arranging the PM in the flux barriers. In Figure 5,
PM arrangement for 4 models of a 1.8 kW, 4 poles, 36 slots PMa-SynRM is shown [23]. Table 3 shows the
results of torque values. The optimum PMa-SynRM geometry without the PMs is shown in Figure 6 [24].

Table 3. Torque results for the four models [23]
Items
Ave. torque (Nm)
Cogging torque (Nm)
Torque ripple (%)

Basic Model
11.77
0.098
21.8

Model 1
11.35
0.065
30.8

Model 2
11.73
0.175
19.3

Model 3
11.83
0.154
17.6

Figure 5. PM arrangement for the 4 models [23]

Figure 6. Optimum PMa-SynRM geometry without the PM [24]
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As can be observed in the table, for reducing cogging torque, Model 1 is the best solution but is
worth for decreasing torque ripple. On the contrary, the best solution related to torque ripple is using Model 3
[23]. Thereby, the designer must analyze the specific situation for deciding what to do. As in the case
analyzed before in [21], the rotor best variant related to flux barrier number is four; but due to the
manufacturing difficulties and the mechanical strength, in this study three-layer of flux barriers are selected.
When the optimal flux barrier geometry without PM had been achieved, three different cases are studied
depending on the inserted PM. In Figure 7, the selected geometry for Case 1 can be observed, where PM is
introduced in both base and side sectors, and only in the innermost flux barrier layer. There are three different
cases for the comparison:
➢ Case 1 (C1): Three PM inserted in the innermost flux barrier layer.
➢ Case 2 (C2): Three PM inserted in the first two innermost flux barrier layers.
➢ Case 3 (C3): Three PM inserted in all the three flux barrier layers.
In Table 4, some parameters of the three variants (C1, C2, and C3) are specified.

Table 4. Some specifications of the three motors
for air conditioner blowers [24]
Parameters

Figure 7. Selected rotor geometry for Case 1 [24]

Output power (kW)
Average torque (Nm)
Efficiency (%)
Rated speed (rpm)
Operational speed range
(rpm)
Cost of motors (USD)

C1
0.9
6.38
91.81
1350
5001750
604

PMa-SynRM
C2
C3
0.9
0.9
6.38
6.38
93.17
93.46
1350
1350
5005001750
1750
639
686

Case C1 presents the lowest investment (only one layer with PM inserted) but has the worst
efficiency; while C3 shows the highest efficiency but has the highest cost (the three layers with PM inserted).
C2 is an intermediate case. So, the variant to be selected will depend on a detailed analysis.
2.2. Effects of stator design parameters on torque ripple
Although the rotor design parameters discussed to determine the greatest reduction in torque ripple
in PMa-SynRM, the stator design is also important. In [25], a design is developed using a FEM software to
obtain the best stator parameters, from a test motor of 1.62 A, 563 rpm, 1.2 Nm, 4 poles, 24 slots, 3 flux
barriers per pole, and values of kq = 0.9 and kd = 1.0. The rotor structure remains constant. The stator is
identical to that used in a conventional IM. The test machine structure is shown in Figure 8 [22].
Table 5 gives the average of developed torque and torque ripple values for 12, 24, and 36 slots. As is
evident, the variant with 36 slots is better.

Table 5. Comparison of the different number of slots
in a three-phase distributed winding [22]
Slot
number
12
24
36

Torque
(Nm)
1.6
1.52
1.54

Torque ripple
(%)
29.38
32.89
7.12

Figure 8. Test motor structure [22]

2.2.1. Stator windings
The most frequent stator winding configurations in these motors are the distributed integral slots
windings and the concentrated fractional slots one [19], [26]. The advantages of concentrated windings over
the distributed ones are the significant reduction in copper volume and copper losses possibility of a
reduction in the motor total length [27]; a decrease in manufacturing cost; higher slot fills factor. However,
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regarding torque ripples, the use of the concentrated windings seems to have mixed results [28]. So,
generally, stator distributed windings, having integral or fractional slots are preferred [29].
In [25] the use of 6 slots/4 poles and 12 slots/4 poles with concentrated windings, was evaluated. It
was obtained that, for 6 slots, the average torque was 1.8 Nm and torque ripple 44%, while, for 12 slots, the
values were 0.578 Nm and 43.25%, respectively. These high values cause that, in the literature consulted, it
is suggested not to use these slots/pole combinations for concentrated or distributed windings. So, it is
proposed for a better solution, to use a stator of 36 slots. Also, two variants are compared: single and double
layer focused to reduce harmonics. The second layer of the last winding has a fractional coil pitch. The
average torque, the torque ripple, and its percentage for each winding are given in Table 6 [25].

Table 6. Comparison between a single- and double-layer distributed windings for 36 slots [25]
Layers
Single
Double

Ave. torque
(Nm)
1.54
1.5

Torque ripple
(Nm)
0.109
0.08

Ripple
(%)
7.12
5.33

The double-layer suppresses the odd 5th, 7th, 11th, 13th harmonics. However, the single-layer has a
fundamental component of higher torque than in the double layer. All this analysis serves as an example to
show that the type of winding has to be carefully selected and that it must be evaluated for each specific case
of application of the PMa-SynRM.
2.2.2. Slot geometric optimization
In [25], the slot's geometric optimization is performed. The slot shape, the height of its opening, the
tooth bottom rounding, and the wedge height, practically do not at all affect the results, while the slot
opening width and the tooth width affect them significantly. The optimization method used in this study can
be seen in [25]. The most relevant results on the slot opening and tooth width are described below.
Slot opening, the slot opening causes average torque and torque ripple to change substantially. In
Figure 9 a) the slot opening is shown. Table 7 [25] shows that the smaller the opening, the better the results,
although it is necessary to analyze if the opening allows or not the use of automatic winding machines, which
produce an additional saving in motor cost.
Tooth width, in [17] an experiment with a 36-slots machine is carried out, showing that with closed
slots a torque ripple of 13.7% is produced, while for semi-closed slots it is 18% and for open slots 22.4%. A
cross-section of a motor with closed slots is shown in Figure 9 (b) [18].

(b)

(a)

Figure 9. Stator slots structure of PMa-SynRM, (a) Stator slot opening parameters, (b) Cross-section of a
motor with closed slots [17], [18]

Table 7. Average and torque ripple depending on the slot opening [18]
Slot opening
(mm)
4
3
2
1

Ave. Torque
(Nm)
1.313
1.426
1.530
1.605

Torque ripple
(%)
9.52
8.63
7.12
5.79
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Although the average torque decreases somewhat with closed slots, the speed also increases slightly,
so the power output is rarely affected. The same author reports that there are some techniques to close the
stator slots after the winding process using ferromagnetic wedges, which reduces the economic impact. The
effects of varying the tooth width are evaluated by keeping the total slot area constant while keeping equal
the diameter of the stator. Table 8 shows the variation of average torque and torque ripple with the tooth
width.

Table 8. Torque and torque ripple variation with tooth width [18]
Tooth width
(mm)
4.540
4.090
3.638
3.185

Ave. torque
(Nm)
1.558
1.600
1.610
1.613

Torque ripple
(Nm)
0.085
0.090
0.095
0.096

Torque ripple
(%)
5.460
5.630
5.900
5.950

2.3. Other measures for reducing torque pulsations
2.3.1. Skewing
For avoiding the cogging torque that appears when the stator and rotor tooth sides are in alignment,
the slots skew may be applied. The skew can be carried out on the stator or the rotor, so that the intersection
occurs not in a straight line, but in an inclined way, making the corresponding effect more gradual. Skewing
in the stator is the most conventional and effective method of reducing cogging torque. Besides, skew
diminish torque ripple. However, it must also be considered that this measure makes the winding slightly
longer, its resistance increases in proportion, and the efficiency decrease lightly [30] Another difficulty is that
skewing does not propitiate automatic winding which adds cost in motor manufacture. However,
manufacturers can stack the laminations, insert slot liners, place the coils and after that, the stack of
laminations is skewed. Afterward, the stack is welded to hold it in place. This process is essentially identical
to conventional manufacturing, except that welding is done after the coils are inserted, rather than before.
2.3.2. Skew-notching
In [30] another method is proposed to reduce the cogging torque and practically eliminate the torque
ripple, using skewing and notches in the stator slots. In Figure 10, the scheme of a PMa-SynRM with these
characteristics can be seen [30].
Figure 11 shows how cogging torque varies with different rotor positions in a PMA-SynRM. The
peak values of that torque, with teeth without notches and with skewing and notching are 1.26 N-m and 0.49
N-m, respectively. This demonstrates that cogging torque is greatly reduced [30].

Figure 10. Scheme of a PMA-SynRM with skewnotching in the stator slots [30]

Figure 11. Cogging torque variation with rotor
position [30]

3. RESULTS AND DISCUSSIONS
3.1. Economic analysis: a case study
To achieve the best solution for obtaining savings in the air conditioner motor driving blowers in a
Cuban beach hotel having 222 rooms, a case study was implemented. A comparison was studied to know the
best variant: employing an IM or one of the three PMa-SynRM types analyzed above (C1, C2, or C3). Data
of the last three motors are given in Table 4. All the motors are of 900 W, 1350 rpm, efficiency class IE4.
Reducing torque pulsations in PMa-SynRM: a way for improving motor performance (Percy R. Viego)
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The analysis was accomplished employing the differential net present value (NPV) discount method, which
allows eliminating equal (or quasi equal) costs, for example, installation and maintenance costs. NPV is
calculated as (2) [31]:
𝐶𝑓

𝑖
𝑁𝑃𝑉 = −𝑘0 + ∑𝑛𝑖=1 (1+𝐷)
𝑖

(2)

Where: k0 is the investment cost, D is the tax rate, n is the life span of the investment, i is the year
of evaluation and Cf is the cash flow calculated as (3):
𝐶𝑓𝑖 = (𝐼𝑖 − 𝐺𝑖 − 𝐷𝑒𝑝) ∙ (1 −

𝑡

) + 𝐷𝑒𝑝

(3)

100

Where: I is the income, G the outcome, t the interest rate, and Dep the depreciation of the
technology calculated as (4) [32]:
𝐷𝑒𝑝 =

𝑘0

(4)

𝑛

Differential NPV is the difference between the NPV obtained for each substitution option analyzed
(i.e. PMa-SynRM (C1), (C2), and (C3)) concerning the NPV of the IM. The investment payback period is the
year (i) for which NPV = 0. The main parameters, for a base economic analysis, are shown in Table 9 [24],
[33]-[37]. K factor is a coefficient applied to the energy cost for considering the variation of fuel costs during
the life span, it has a nonlinear behavior [34], [35]. The investment cost is the cost of the motors, the
economic income is the energy savings calculated as the difference between the energy consumption of the
PMa-SynRM (C1), (C2), and (C3) about IM, and considering the price of electricity according to the M1A
tariff and the k factor [34], [35]. The outcomes are the maintenance and installation costs that are eliminated
in the calculation of the differential NPV.

Table 9. Main parameters for the study
Parameters
Rated output power (kW)
Efficiency class
Efficiency (%)
Rated speed (rpm)
Operational speed range (rpm)
Load factor weighted average
Operational hours per year
Investment cost (USD)
Motor live span (years)
Electric tariff
Initial K factor
Tax rate (%)
Interest rate (%)

IM
0.9
IE4
86,5
1350
500-1750
0.45
5000
555
10
M1 A
3.9
35
15

PMa-SynRM (C1)
0.9
IE4
91.81
1350
500-1750
0.45
5000
604
10
M1 A
3.9
35
15

PMa-SynRM (C2)
0.9
IE4
93.17
1350
500-1750
0.45
5000
639
10
M1 A
3.9
35
15

PMa-SynRM (C3)
0.9
IE4
93.46
1350
500-1750
0.45
5000
686
10
M1 A
3.9
35
15

The load factor weighted average is calculated applying (5) for the typical case of HVAC uses,
taking the values shown in Table 10 [38].
𝐿𝐹𝑊𝐴 =

∑ 𝑃𝑅𝐹𝑅∙𝑃𝑇𝑆

(5)

∑ 𝑃𝑇𝑆

Where LFWA is the load factor weighted average, PRFR is the percent of rated flow rate, and PTS
the percent timeshare.

Table 10. Load profile for typical HVAC uses
Percent of rated flow rate (%)
25
50
75
100

Percent time share (%)
45
35
15
5
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With the load factor weighted average and the efficiency of Table 6, the electrical power and energy
consumption are calculated for each case with (6)(7)(8) [5]:
𝑃𝑜𝑢𝑡 = 𝑃𝑅𝐹𝑅 ∙ 𝑃𝑟
𝑃𝑖𝑛 =

(6)

𝑃𝑜𝑢𝑡

(7)

𝜂

𝐸 = 𝑃𝑖𝑛 ∙ 𝑡

(8)

Where Pout is the operational mechanical power, Pr is the rated output power, Pin is the electrical
power, E is the energy consumption and t is the operational hours per year. The results obtained from the
economic analysis can be seen in Table 11.

Table 11. Main economic results
Motor variants
PMa-SynRM (C1) - IM
PMa-SynRM (C2) - IM
PMa-SynRM (C3) - IM

Differential investment
(USD)
49
84
131

Differential NPV
(USD)
55.2
49,3
2.02

Payback
(years)
4
6
10

Where the investment differential is the difference in the cost of (PMa-SynRM (C1), (C2), (C3))
about the IM. The best results were achieved with the variant PMa-SynRM (C1) since it has the highest NPV
and a payback of four years. This is a good solution, considering the case of a motor for an air conditioner
blower driven by an inverter control, which implies an unavoidable low load factor. According to [37], based
on the generality of cases of the HVAC field, when the efficiency gain moving from one equipment to
another more efficient, may not be enough to justify the additional initial investment. That is the case shown
in Table 11. Since it is necessary to evaluate the effect of some technical and economic uncertainties, a
multifactorial sensitivity analysis was done, as it is shown below.
3.2. Sensitivity analysis
Uncertainty in the economic analysis due to variations in economic indicators and other factors has
a marked influence on the results of a proposed feasibility study. For this reason, a sensitivity analysis is
performed to validate the proposal in the face of possible variations in the most influential factors. The study
analyzed how the NPV and the payback behave with variations in operating economic factors. The base case
is the PMa-SynRM (C1) with the data from tables 9 and 10. For this study, the differential investment cost,
the annual operational time, and the growth rate of the fuel factor (factor K) were varied in equations (2), (3),
and (4), keeping the load factor constant. The growth rate of the fuel factor is indicative of variations in the
energy price. The initial K factor considered in the base case is 3.9; it varies annually by 8% according to (9):
𝐾 = 3.9 ∙ (1 + 𝑘)𝑛

(9)

Where: k is the annual growth rate of the fuel factor and n is the year analyzed. The results of the
analysis are shown in Figures 12 to 14 obtained in Excel.
Figures 12 (a) and 12 (b) show the variation of the NPV and the payback on investment,
respectively, to the variations in the differential cost of investment for a growth rate of the K factor equal to
8% and 5000 hours of operation. As can be seen in Figure 12, the NPV decreases with increases in the
differential cost, making the investment less attractive. For differential costs above 55 USD, the NPV
becomes even less than the incremental investment and the payback period is greater than 4 years.
Figure 13 (a) and (b) present the variation of NPV and payback, respectively, before variations in
the K factor growth rate of 8 % for a differential cost of 49 USD and 5,000 hours of operation. Figure 13 (a)
shows that increases in energy prices (through increases in K) lead to increases in NPV. However, it has little
influence on the payback (as shown in Figure 13 (b).
In Figure 14 (a) and (b) can be seen variations of NPV and payback, respectively, related to annual
operational time for variations in the K factor growth rate of 8 % and a differential cost of 49 USD. The
operational time has the same effect on NPV as the variation in the price of energy depicted in Figure 14 (a).
For operational times of less than 5000 h/year, the payback reaches unattractive economic values as shown in
Figure 14 (b). This sensitivity analysis demonstrated that in the case of air conditioners, the study must be
handled carefully.
Reducing torque pulsations in PMa-SynRM: a way for improving motor performance (Percy R. Viego)
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(a)

(b)

Figure 12. Variation of NPV and payback vs. differential cost, (a) NPV, (b) payback

(a)

(b)

Figure 13. Variation of NPV and payback vs. K factor increase rate, (a) NPV, (b) payback

(a)

(b)

Figure 14. Variation of NPV and payback vs. operational time (a) NPV, (b) payback

4.

CONCLUSION
Analysis of different design elements and structural optimization of PMa-SynRM allowed
demonstrating that the reduction of torque pulsations can be achieved by adjusting the number, shape,
Int J Pow Elec & Dri Syst, Vol. 12, No. 1, March 2021 : 67 – 79
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position, and volume of permanent magnets, the number of stator slots, and other structural parameters. A
comparison between different variants of this type of motor was made, for evaluating the effects on
operational characteristics and in other factors as costs. A case study on the motor driving the air conditioners
of a hotel room was developed, for determining the best variant: employing an IM or one of three PMaSynRM types.
The economic analysis was accomplished employing the differential net present value discount
method. The better solution was a PMa-SynRM with a differential investment of 49 USD, a differential NPV
of 55.2 USD, and a payback of 4 years. Although NPV and payback are not the best, due to unavoidable low
load factors in the inverter-controlled motor in air conditioners, it was proved that the investment was
feasible economically. The uncertainties of three variables were evaluated through a sensitivity analysis. This
analysis demonstrated that in the case of air conditioners, the study should be treated with care.
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