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Preface

Electrical machines are being widely used today in traction systems, robotics, and
other position control systems. The modern applications demand advanced control
techniques with high precision. The Direct Torque Control (DTC) method is one of
the highest performance control strategies for AC machines to provide rapid torque
and flux control. It is widely known to produce a quick and fast response in AC
drives by selecting the proper voltage space vector according to the switching status
of the inverter. The main advantage of DTC is its simple structure. Within this
framework, this book entitled Direct Torque Control Strategies of Electrical
Machines consists of a representation of theoretical results related to design and
advanced control of AC machines and the diagnostics of electrical machine drives
and generators involved in automotive systems. The priority has been focused on
the DTC approach applications with and without commutation frequency control.
It also covers DTC applications using artificial intelligence.

This book consists of seven chapters that have been written by leading researchers
covering recent theoretical developments and applications of DTC strategies. It
combines theoretical analysis, simulation, and experimental concepts. It is expected
that readers require background knowledge to understand various concepts and
results presented in this book.

Finally, the editor would like to express their sincere gratitude to authors from all
over the world for submitting their high-quality work in a timely manner and
revising it appropriately at short notice. A particular thanks and my deepest grati-
tude to the IntechOpen editorial staff for their continuous support, assistance, and
significant improvement in the manuscript. Without their help, the book would not
be published as scheduled.

Fatma Ben Salem
Associate Professor (ISGIS),
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Chapter 1

Improved Direct Torque Control
Based on Neural Network of the
Double-Star Induction Machine
Using Deferent Multilevel Inverter
Mohamed Haithem Lazreg and Abderrahim Bentaallah

Abstract

In this chapter, we will compare the performance of a multilevel direct torque
control (DTC) control for the double-star induction machine (DSIM) based on
artificial neural network (ANN). The application of DTC control brings a very
interesting solution to the problems of robustness and dynamics. However, this
control has some disadvantages such as variable switching frequency, size, and
complexity of the switching tables and the strong ripple torque. A solution to this
problem is to increase the output voltage level of the inverter and associate the DTC
control with modern control techniques such as artificial neural networks. Theoret-
ical elements and simulation results are presented and discussed. As results, the flux
and torque ripple of the five-level DTC-ANN control significantly reduces com-
pared to the flux and torque ripple of the three-level DTC-ANN control. By viewing
the simulation results using MATLAB/Simulink for both controls, the results
obtained showed a very satisfactory behavior of this machine.

Keywords: double-star induction machine (DSIM), direct torque control (DTC),
three-level inverter, five-level inverter, artificial neural network (ANN)

1. Introduction

The use of a conventional two-level inverter in the field of high power applica-
tions is not appropriate because it requires electronic components capable of with-
standing high reverse voltage and high current. Another disadvantage of this
inverter is the problem of magnetic interference caused by the abrupt change of the
output voltage of the inverter from zero to high value [1].

With the appearance of the structures of the multilevel inverters proposed for
the first time by [2], the research was able to face the handicaps presented by the
classical structure. The goal of this research focus is to improve the quality of the
output voltage, as well as to overcome the problems associated with two-level
inverters. There are several topologies of multilevel inverters such as floating-diode,
floating-capacitor, and cascaded inverters [3]. These structures make it possible to
generate an output voltage of several levels.

Diode-clamped inverter (DCI) is the one that attracts the most attention because
of the simplicity of its structure compared to the floating capacity inverter; in fact
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we do not need to use capacities for each phase, which eliminates the risks of
parasitic resonances [4]. In this structure, diodes called floating diodes are associ-
ated with each phase, which serves to apply the different voltage levels of the DC
source.

In high power, AC machines powered by static inverters find more and more
applications. But the constraints on the power components limit the switching
frequency and therefore the performance. To enable the use of higher switching
frequency components, the power must be divided. To do this, one of the solutions
is to use multiphase machines thanks to their advantages, such as the power seg-
mentation and the minimization of the ripples of the torque (elimination of the
harmonic torque of rank six). One of the most common examples of multiphase
machines is the double-star induction machine (DSIM) [5].

To improve the decoupling between the flux and the torque, a so-called direct
torque control (DTC) control technique has been applied.

The conventional direct torque control (DTCc) is proposed by Takahashi and
Depenbrock in 1985 [2], and several studies allowed to apply this control technique
on multiphase machines. As for each control, the DTC has advantages and disad-
vantages, and among these advantages, the stator resistance is theoretically the only
parameter of the machine that intervenes in the control. This is essential for esti-
mating the stator flux vector [6]. From this purely theoretical point of view, one can
thus consider a great robustness compared to the other parameters of the machine;
the block PWM is usually deleted [7].

Despite these advantages, this control also has significant disadvantages, the
problem of instability such as the lack of control of the generator of acoustic noise at
the machine. In addition, the use of hysteresis tapes is the cause of electromagnetic
torque ripples and noise in the machine. To solve these drawbacks, in the frame-
work of this work, we try to apply the multilevel direct torque control for DSIM and
to develop a new control method such as artificial neural networks that replaces the
switching tables [8].

This chapter is organized as follows: the DSIM model will be presented in the
next section. The three-level and the five-level inverter modeling is described in the
third and fourth section. The control method by DTC based on artificial neural
networks (DTC-ANN) will be discussed in the fifth section. Moreover, in the sixth
section, the simulation results are presented. Finally, a general conclusion summa-
rizes this work.

2. DSIM model

In the conventional configuration, two identical three-phase windings share the
same stator and are shifted by an electric angle of 30°. The rotor structure remains
identical to that of a three-phase machine [9].

The model of machine DSIM is nonlinear. The DSIM model fed by voltage
inverter is given by the following equations [10]:

dX
dt

¼ AX þ BU (1)

Tem ¼ p
Lm

Lr þ Lm
φdr iqs1 þ iqs2
� �� φqr ids1 þ ids2ð Þ

h i
(2)

J
dΩ
dt

¼ Tem � TL � kfΩ (3)
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where:

X ¼ x1, x2, x3, x4, x5, x6½ �T ¼ ids1, ids2, iqs1, iqs2,ϕdr,ϕqr

h iT

U ¼ vds1, vds2, vqs1, vqs2
� �

Matrixes A and B are given by

A ¼

a1 a2 a3 a4 a5 a6
�a2 a1 �a4 a3 �a6 a5
a3 a4 a1 a2 a5 a6
�a4 a3 �a2 a1 �a6 a5
a9 a8 a7 0 a7 0

�a8 a9 0 a7 0 a7

2
666666664

3
777777775

B ¼

b1 0 b2 0

0 b1 0 b2
b2 0 b1 0

0 b2 0 b1

2
6664

3
7775

where

a1 ¼ b0
Lm

Tr
� b1Rs, a2 ¼ ωs b1L1 þ b2L2ð Þ, a3 ¼ b0

Lm

Tr
� b2Rs, a4 ¼ ωs b1L2 þ b2L1ð Þ,

a5 ¼ �b0
Tr

, a6 ¼ a0b3 þ ωgb0, a7 ¼ Lm

Tr
, a8 ¼ ωg, a9 ¼ � 1

Tr
, a10 ¼ 3

2
p
Lm

Lr
,

σ ¼ 1� L2
m

LsLr
, L1 ¼ σLs,L2 ¼ σLs � ls,L3 ¼ Ls 1� σð Þ, a0 ¼ Lm

Lr
, b0 ¼ Lm

Lr L1 þ L2ð Þ ,

b1 ¼ L1

L2
1 � L2

2
, b2 ¼ L2

L2
1 � L2

2
, b3 ¼ ωs b1 þ b2ð Þ

3. Modeling of three-level inverter

Figure 1 shows the structure of the three-level floating-diode inverter intro-
duced by A. Nabae and H. Akagi in 1981 [11] (Table 1).

The three symmetrical arms consist of four fully controllable switches. These
switches must not be opened or closed simultaneously, in order to avoid short
circuiting of the DC source at the input of the inverter. Each switch is composed of
an antiparallel transistor with a diode. The floating diodes ensure the application of
the different voltage levels at the output of each arm. The DC input voltage is
divided into two equal parts by using two capacitors. Each capacitor must be sized
for a voltage equal to vdc/2 [12].

The switching function of each switch Txki (k = 1, 2, i = 1 ... 4, x = a, b, and c) is
defined as follows:

Fxki ¼
1 if  Txki is ON
0 if  Txki is OFF

�
(4)

The controls of the switches of the lower half-arms are complementary to those
of the upper half-arms:

Fxki ¼ 1� Fxk i�2ð Þ (5)

For each arm, we define three connection functions:
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Fc1xk ¼ Fc1xkFc2xk

Fc2xk ¼ Fc2xkFc3xk

Fc3xk ¼ Fc3xkFc4xk

8><
>:

(6)

The output voltages with respect to the neutral point of the DC source are
expressed by

va0k
vb0k
vc0k

0
B@

1
CA ¼

Fc1ak Fc2ak Fc3ak

Fc1bk Fc2bk Fc3bk

Fc1ck Fc2ck Fc3ck

0
B@

1
CA

vc2
0

�vc1

0
B@

1
CA (7)

4. Modeling of five-level inverter

Currently the diode-clamped inverter is the one that attracts the most attention,
given the simplicity of its structure compared to floating capacity inverters and
cascading. In fact, compared to the inverter with floating capacities, it is not necessary
to use capacities for each phase, which eliminates the risks of parasitic resonances.

Figure 1.
Three-phase inverter with floating diodes (k = 1 is the first inverter, and k = 2 is the second inverter).

Switching states State of the switches of an arm Output voltage

Txk1 Txk2 Txk3 Txk4

2 1 1 0 0 vc2

1 0 1 1 0 0

0 0 0 1 1 �vc1

Table 1.
States of an arm of the inverter with three levels.
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The main advantage lies in a considerable reduction in switching losses and its
ability to control harmonic content [13].

Figure 2 shows the structure of the inverter with five levels, each of the three
arms of the inverter consists of eight controlled switches and six floating diodes.
The controlled switches are unidirectional in voltage and bidirectional current; it is
conventional associations of a transistor and an antiparallel diode.

These switches must not be opened or closed simultaneously, in order to avoid a
short circuit of the DC source in the input. The floating diodes (six per arm) ensure
the application of the different voltage levels at the output of each arm. The DC
input voltage is divided into four equal parts using four capacitors [14].

The DC input bus is composed of four capacitors (C1, C2, C3, and C4),
making it possible to create a set of three capacitive middle points. The total voltage
of the DC bus is vdc; under normal operating conditions, this is uniformly distrib-
uted over the four capacitors, which then have a voltage vdc/4 at their terminals
[15] (Table 2).

For each switch Txki (k = 1, 2, i = 1 ... 8, x = a, b, and c), a switching function is
defined as follows:

Fxki ¼
1 if  Txki is ON
0 if  Txki is OFF

�
(8)

The switch control of the lower half-arms is complementary to those of the
upper half-arms:

Fxki ¼ 1� Fxk i�4ð Þ (9)

Figure 2.
Diagram of the five-level inverter with NPC structure.
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4. Modeling of five-level inverter
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Three-phase inverter with floating diodes (k = 1 is the first inverter, and k = 2 is the second inverter).
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0 0 0 1 1 �vc1

Table 1.
States of an arm of the inverter with three levels.
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We define five connection functions, each associated with one of the five states
of the arm:

Fc1xk ¼ Fc1xkFc2xkFc3xkFc4xk

Fc2xk ¼ Fc2xkFc3xkFc4xkFc5xk

Fc3xk ¼ Fc3xkFc4xkFc5xkFc6xk

Fc4xk ¼ Fc4xkFc5xkFc6xkFc7xk

Fc5xk ¼ Fc5xkFc6xkFc7xkFc8xk

8>>>>>><
>>>>>>:

(10)

The potentials of nodes a, b, and c of the three-phase inverter at five levels with
respect to the point o are given by the following system:
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(11)

5. Direct torque control based on neural networks

The direct torque control of a DSIM is based on the direct determination of the
control sequence applied to the switches of a voltage inverter. This choice is based
generally on the use of hysteresis comparators whose function is to control the state
of the system, namely, the amplitude of the stator flux and the electromagnetic
torque [16].

In the structure of the DTC, the voltage model is commonly used. Thus, the
amplitude of the stator flux is estimated from its components following the axes (α, β):

ϕ̂αs ¼
Ðt
0
Vαs � RsIαsð Þdt

ϕ̂βs ¼
Ðt
0

Vβs � RsIβs
� �

dt

8>>><
>>>:

(12)

The stator flux module is given by

φ̂s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
φ̂2
α þ φ̂2

β

q
(13)

The angle θs is given by

Switching states State of the switches of an arm Output voltage

Txk1 Txk2 Txk3 Txk4 Txk5 Txk6 Txk7 Txk8

4 1 1 1 1 0 0 0 0 vc3 + vc4

3 0 1 1 1 1 0 0 0 vc3

2 0 0 1 1 1 1 0 0 0

1 0 0 0 1 1 1 1 0 �vc2

0 0 0 0 0 1 1 1 1 �(vc1+ vc2)

Table 2.
States of an arm of the inverter with five levels.
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θ̂s ¼ tan 2�1 φ̂β tð Þ
φ̂α tð Þ
� �

(14)

This method of estimating the stator flux has the advantage of simplicity and
accuracy, particularly at medium and high speeds where the ohmic voltage drop
becomes negligible [17].

The electromagnetic torque can be estimated from the estimated magnitudes of
the stator flux and the measured magnitudes of the line currents, by the following
equation:

T̂em ¼ 3
2
p: ϕ̂αsiβs � ϕ̂βsiαs
� �

(15)

5.1 Neural network strategy

The human brain is able to adapt, learn, and decide, and it is on this fact that
researchers have been interested in understanding its operating principle and being
able to apply it to the field of computer science.

Among the disadvantages of DTC control, a slow response for small changes in
stator flux and electromagnetic torque, size, and complexity of switching tables
when the number of levels of inverters is high. In order to improve the performance
of the DTC control, many contributions have been made in the DTC control based
on artificial neural networks [18].

In this application, our goal is to replace switching tables with artificial neural
networks.

The multilayer architecture was chosen to be applied to multilevel DTC control.
This network, which can be multiplexed for each controller output, has acceptable
performance in many industrial applications [19]. The neural network contains
three layers: input layer, hidden layers, and output layer. Each layer consists of
several neurons. The number of neurons in the output and the layers depends on the
number of input and output variables chosen. The number of hidden layers and the
number of neurons in each one depend on the dynamics of the system and the
desired degree of accuracy.

Figure 3 shows the structure of the neural network applied to the multilevel
DTC control of the DSIM. It is a network with three neurons in the input layer,
whose inputs are flow error (Ef), torque error (Ec), and flow position angle (Z)
[20]. For the three-level inverter, there are 12 neurons in the hidden layer and 06
neurons in the output, and for the five-level inverter, there are 24 neurons in the
hidden layer and 12 neurons in the output. Figure 4 shows the chosen architecture.

Figure 3.
Neural network structure applied to the multilevel DTC control. (a) for three-level DTC, (b) for five-level
DTC.
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6. Simulation results

In order to test the static and dynamic performance of the control, the DSIM is
accelerated from standstill to reference speed 100 rad/s. The machine is applied

Figure 4.
Selection table based on neuron network.

Figure 5.
Simulation results of real and estimated speed, torque, flux, and current of three-level DTC-ANN.
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with a load torque of 11 Nm. Finally, the direction of rotation of the machine is
reversed from 100 rad/s to �100 rad/s at time t = 2 s. Figures 5 and 6 show the
simulation results of the three- and five-level DTC control for DSIM.

Simulation results of speed, stator flux, torque, stator current, and stator voltage
show the good performance of the three- and five-level DTC-ANN control of DSIM
(speed, stability, and precision).

We note that the speed follows its reference value. The electromagnetic torque
stabilizes at the value of the nominal torque after a transient regime with rapid
response and without exceeding before stabilizing at the value of the applied load
torque.

Figure 6 shows that the five-level DTC-ANN control reduces the ripple of the
electromagnetic torque, the stator flux, and the THD value compared to that of the
three-level DTC-ANN. On the other hand, we note that the speed reaches its
reference without exceeding for the two control types. Moreover, the couple fol-
lows the load torque. The dynamics of the stator flux are not affected by the
application of these load instructions.

The use of multilevel inverter at five levels causes a decrease in the current
ripple at the steady state that is to say low peaks than that of the three-level control.
However, the results of the simulations shows a good dynamic characteristic of the
stator flux in the transient regime for five-level DTC-ANN compared to the three-
level DTC-ANN with static errors that are virtually null in both cases of control
DTC proposed.

Figure 6.
Simulation results of real and estimated speed, torque, flux, and current of five-level DTC-ANN.

11

Improved Direct Torque Control Based on Neural Network of the Double-Star Induction…
DOI: http://dx.doi.org/10.5772/intechopen.89877



6. Simulation results

In order to test the static and dynamic performance of the control, the DSIM is
accelerated from standstill to reference speed 100 rad/s. The machine is applied

Figure 4.
Selection table based on neuron network.

Figure 5.
Simulation results of real and estimated speed, torque, flux, and current of three-level DTC-ANN.

10

Direct Torque Control Strategies of Electrical Machines

with a load torque of 11 Nm. Finally, the direction of rotation of the machine is
reversed from 100 rad/s to �100 rad/s at time t = 2 s. Figures 5 and 6 show the
simulation results of the three- and five-level DTC control for DSIM.

Simulation results of speed, stator flux, torque, stator current, and stator voltage
show the good performance of the three- and five-level DTC-ANN control of DSIM
(speed, stability, and precision).

We note that the speed follows its reference value. The electromagnetic torque
stabilizes at the value of the nominal torque after a transient regime with rapid
response and without exceeding before stabilizing at the value of the applied load
torque.

Figure 6 shows that the five-level DTC-ANN control reduces the ripple of the
electromagnetic torque, the stator flux, and the THD value compared to that of the
three-level DTC-ANN. On the other hand, we note that the speed reaches its
reference without exceeding for the two control types. Moreover, the couple fol-
lows the load torque. The dynamics of the stator flux are not affected by the
application of these load instructions.

The use of multilevel inverter at five levels causes a decrease in the current
ripple at the steady state that is to say low peaks than that of the three-level control.
However, the results of the simulations shows a good dynamic characteristic of the
stator flux in the transient regime for five-level DTC-ANN compared to the three-
level DTC-ANN with static errors that are virtually null in both cases of control
DTC proposed.

Figure 6.
Simulation results of real and estimated speed, torque, flux, and current of five-level DTC-ANN.

11

Improved Direct Torque Control Based on Neural Network of the Double-Star Induction…
DOI: http://dx.doi.org/10.5772/intechopen.89877



Figures 7 and 8 show the simulation results of the three-level and five-level
DTC-ANN control for low-speed operation. DSIM is accelerated from standstill to a
low reference speed of 10 rad/s, at time t = 0.5 s; the DSIM is accelerated again to a
reference speed of 100 rad/s. The machine is loaded with a nominal load of 11 Nm.
Finally, a reversal of the direction of rotation of the machine from 100 rad/s to
�10 rad/s is performed at time t = 2 s.

The simulation results show that low-speed operation does not affect the per-
formance of the proposed drive. Indeed, the good reference speed tracking is
ensured, with advantages brought by the use of five-level DTC-ANN control, the
minimization of torque ripple, and stator flux, which is confirmed by the simulation
results.

Figure 7.
Simulation results of three-level DTC-ANN for low-speed operation.

Figure 8.
Simulation results of five-level DTC-ANN for low-speed operation.

12

Direct Torque Control Strategies of Electrical Machines

In order to know the best type control of DSIM, a comparative study is essential
between the two types (three-level DTC-ANN and five-level DTC-ANN). The
following table shows the comparison between the two types (Table 3).

7. Conclusion

In this chapter, we presented two types of DTC control (three-level DTC-ANN
and five-level DTC-ANN) of a DSIM fed by two NPC voltage inverters, and the
technique of neural networks was applied to the DTC control. The main advantage
of this control is to allow control of the flux and torque of the machine without the
need to use a mechanical sensor. The direct torque control strategy is an effective
and simple way to control an induction machine. In order to improve the perfor-
mance of the DSIM (torque ripple reductions, flux, response time, and the THD
value of the stator current), simulation tests of the control by variation and
inversely of the speed have been presented; the results obtained show that the five-
level DTC-ANN control with speed control is very efficient. This shows the effec-
tiveness of the proposed strategy.

Appendix

DSIM parameters

Pn = 4.5 Kw
In = 6 A
Rr = 2.12 Ω
Lr = 0.006 H
Rs1 = Rs2 = 1.86 Ω
Ls1 = Ls2 = 0.011 H
Lm = 0.3672 H
J = 0.065 kg.m2

kf = 0.001 Nm/rad.

THD (%) Ripples of torque Ripples of flux

Three-level DTC 18.73 Good Good

Five-level DTC 12.82 Very good Very good

Table 3.
The comparison between three-level and five-level DTC-ANN.
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Abstract

The direct torque control (DTC) was proposed as an alternative to the vector
control in the middle of 1980s for AC machine control. This strategy bases on the
direct determination of inverter switching states and offers a simpler scheme and
less sensitivity to machine parameters. However, the variable switching frequency
of DTC causes high flux and torque ripples which lead to an acoustical noise and
degrade the performance of the control technique, especially at low-speed regions.
In the objective of improving the performance of DTC for the induction motor, this
work addresses the most important points concerning this issue. The reduction of
high ripples, which are the major drawbacks, by applying a constant switching
frequency using the space vector modulation (SVM) has been done firstly. Then,
fuzzy DTC-SVM strategy with adaptive fuzzy-PI speed controller has been pro-
posed. The results of all the discussed aspects of this chapter have been obtained
by numerical simulation using MATLAB/Simulink software.

Keywords: induction motor, conventional direct torque control (DTC),
space vector modulation, DTC-SVM, fuzzy-PI speed controller

1. Introduction

Advanced control of electrical machines requires an independent control of
magnetic flux and torque. For that reason it was not surprising that the DC machine
played an important role in the early days of high-performance electrical drive
systems, since the magnetic flux and torque are easily controlled by the stator and
rotor current, respectively. The introduction of field oriented control meant a huge
turn in the field of electrical drives, since with this type of control the robust
induction machine can be controlled with a high performance. Later in the 1980s,
a new control method for induction machines was introduced: The direct torque
control (DTC) method. It was proposed by Takahashi and Depenbrock [1, 2].
It bases on the direct selecting of the switching states to control the voltage source
inverter (VSI) through a switching look-up table. Due to the limits of the conven-
tional DTC strategy, especially the high torque and flux ripples problem, various
control structures are presented to improve the performances of control, [3, 4]. The
constant switching frequency DTC using the space vector modulation (DTC-SVM)
is a well discussed solution; in order to improve the DTC-SVM performances,
hysteresis comparators of electromagnetic torque and stator flux have been
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replaced by PI controllers, [5, 6]. The main drawbacks of DTC-SVM using PI
controllers are the sensitivity of the performances to the system-parameter varia-
tions and the inadequate rejection of external disturbances and load changes [7–11].
To cope with this disadvantage, it is suggested to replace the conventional regula-
tors used for the speed control, flux, and electromagnetic torque by intelligent
controllers by fuzzy logic to make the controls more robust against the disturbances
of the parameters of the machine. The aim of this chapter is to design and compare
three strategies for the direct torque control (DTC) of induction motor (IM). The
first method is a conventional direct torque control (C-DTC) where the torque and
the flux are regulated by the hysteresis controllers. The second one is direct torque
control by space vector modulation strategy (SVM-DTC) where the torque and flux
are regulated by PI controllers. The third one is fuzzy SVM-DTC with adaptive
fuzzy-PI speed controller where the torque and flux are regulated by fuzzy logic
controllers. The main feature of the proposed (SVM-DTC) strategy is the reduction
of torque and flux ripples.

2. Model of induction motor dedicated for direct torque control

The mathematical model of induction motor can be described in the stator fixed
reference frame (α,β) (stationary frame) by assuming the rotor and the stator flux
as state variables:

dX
dt

¼ AX þ BU (1)

with

X ¼

ϕsα

ϕsβ

ϕrα

ϕrβ

2
6664

3
7775, A ¼

� Rs

σLs
0
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οLrLs
0
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σLs
0

MRs

οLrLs
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οLrLs
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σLr
�ω

0
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οLrLs
ω � Rr

σLr

2
666666666664

3
777777777775

, B ¼

1 0

0 1

0 0

0 0

2
6664

3
7775 and

U ¼ vsα
vsβ

� �
where

ϕsα, ϕsβ, ϕrα, ϕrβ are stator and rotor flux components.
Rs, Rr are stator and rotor resistance.
Ls, Lr are stator and rotor inductance.
M is the mutual stator-rotor inductance.
σ ¼ 1� M2

LrLs
is the Blondel’s coefficient.

ω is the machine speed (ω ¼ pΩ ¼ ωs‐ωr and p is the pole pair number).

The rotor motion can be described by:

J
dΩ
dt

¼ Tem � TL � f Ω (2)

where J is the motor inertia,Tem is the electromagnetic torque,TL is the load
torque, and f is the friction coefficient.
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3. Two-level voltage source inverter (VSI) model

Two-level three-phase voltage source inverter (VSI) is considered as a mature
technology and becoming an industrial standard for the demand for energy saving.
The output phase voltages are produced by the rectifier (Vdc) is delivered to the
inverter input, which, thanks to controlled transistor switches, converts this voltage
to three-phase AC voltage signal with wide range variable voltage amplitude and
frequency.

The type of the used switches depends on the power of the inverter and
switching frequency. In the most applications, IGBT transistors with antiparallel
diodes are so helpful.

The model of two-level voltage inverter is shown in Figure 1.
Figure 1 shows the two-level three-phase voltage source inverter (VSI) with

six transistor switches, S1–S6, and a dc constant voltage source Vdc connecting a
three-phase load.

The voltage vector is generated by the following equation:

V
!

s ¼
ffiffiffi
2
3

r
Vdc Sa þ Sbe

j2π3 þ Sce
j4π3

h i
(3)

where Sa, Sb, and Sc are three-phase inverter switching functions, which can take
a logical value of either 0 or 1.

4. Principles of direct torque control

Direct torque control principle was introduced in the late 1980s by [1, 2]. It
achieves a decoupled control of the stator flux and the electromagnetic torque in
the stationary frame (α, β), and it allows induction machines to have an accurate
and fast electromagnetic torque response. It uses a switching table for the selection
of an appropriate voltage vector. The selection of the switching states is related
directly to the variation of the stator flux and the torque of the machine. Hence,
the selection is made by restricting the flux and torque magnitudes within two
hysteresis bands. Those controllers ensure a separated regulation of both of these
quantities [12–14]. The inputs of hysteresis controllers are the flux and the torque
errors as well as their outputs determine the appropriate voltage vector for each
commutation period.

Figure 1.
Three-phase VSI fed star-connected induction machine.
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5. Estimation of stator flux and electromagnetic torque

5.1 Control of stator flux

Basing on the induction motor model in stationary frame, the stator flux equa-
tion can be expressed as follows [15–19]:

ϕsα ¼
Ð
vsα � Rsisαð Þdt

ϕsβ ¼
Ð
vsβ � Rsisβ
� �

dt

(
(4)

Considering that the control of the switches of the inverter is done by control
period (or sampling) Te and that at each of these periods the states Sa, Sb, and Sc are
kept constant, the method of numerical integration of the rectangles makes it
possible to obtain an expression of the sample k + 1 of the stator flux in the following
form:

ϕsα kþ 1ð Þ ¼ ϕsα kð Þ þ vsα kð Þ � Rsisα kð Þð Þ Te

ϕsβ kþ 1ð Þ ¼ ϕsβ kð Þ þ vsβ kð Þ � Rsisβ kð Þ� �
Te

(
(5)

A vector inscription of this expression can be given by:

ϕ
!
s kþ 1ð Þ ¼ ϕ

!
s kð Þ þ V

!
s kð Þ � Rs I

!
s kð Þ

� �
Te (6)

We can neglect the stator resistance voltage drop compared to Vs for high speed
regions. Then Eq. (6) can be written as:

ϕ
!
s kþ 1ð Þ ¼ ϕ

!
s kð Þ þ V

!
s kð ÞTe (7)

Eq. (7) means that the stator flux can be changed by the application of stator
voltage during a time k. The stator flux vector’s extremity moves in direction given
by the voltage vector and making a circular trajectory.

A two-level hysteresis comparator is used for flux regulation. It allows to drop
easily the flux vector extremity within the limits of the two concentric circles with
close radius. The choice of the hysteresis bandwidth depends on the switching
frequency of the inverter Figures 2 and 3.

Figure 2.
Evolution of stator flux vector in the complex plan.

20

Direct Torque Control Strategies of Electrical Machines

The logical outputs of the flux controller are defined as:

Cflx ¼ 1 if Δϕs>hϕs

Cflx ¼ 0 if Δϕs ≤ � hϕs

(8)

where hϕs
is hysteresis band of stator flux.

The stator flux error is defined by the difference between the reference value of
flux and the actual estimated value:

Δϕs ¼ ϕ ∗
s

�� ��� ϕsj j (9)

5.2 Control of electromagnetic torque

During one sampling period, the rotor flux vector is supposed invariant.
The rotor and stator flux vectors are linked by the following relation:

ϕr ¼
M
Ls

:
1

1þ jσωTr
ϕs (10)

The angle between these two vectors is given by:

δ ¼ Arctan g σωTrð Þ (11)

Finally, between the modules of the two flux vectors, we have the following
relation:

ϕrj j ¼ M
Ls

:
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ σωTrð Þ2
q ϕsj j (12)

The general expression of electromagnetic torque is given by:

Tem ¼ p
M

σLsLr
ϕs:ϕ

∗
r

� �
(13)

Tem ¼ p
M

σLsLr
ϕs:ϕrSin δð Þ (14)

where:
p is the number of poles pairs.

Figure 3.
Two-level hysteresis comparator for stator flux control.
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ϕs,ϕr are stator and rotor flux vectors.
δ angle between the stator and rotor flux vectors.
From expression (14), it is clear that the electromagnetic torque is controlled by

the stator and rotor flux amplitudes. If those quantities are maintaining constant,
the torque can be controlled by adjusting the load angle δ.

The torque regulation can be realized using three-level hysteresis comparator.
(Figure 4).

The logical outputs of the torque controller are defined as:

Ctrq ¼ 1 if ΔTem>hTem

Ctrq ¼ 0 if � hTem ≤ΔTem ≤ hTem

Ctrq ¼ �1 if ΔTem < � hTem

(15)

where hTem is hysteresis band of torque.
The torque error is defined by the difference between the references values of

the torque and the actual estimated values:

ΔTem ¼ T ∗
em � Tem (16)

6. Estimation of stator flux and electromagnetic torque

6.1 Stator flux estimation

The amplitude of the stator flux is estimated from its two-phase components
ϕsα and ϕsβ:

ϕs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2
sα þ ϕ2

sβ

q
(17)

Or ϕsα and ϕsβ are estimated using Eq. (4) which requires knowledge of the
components of the stator current vector isα and isβ and that of the vector stator
voltage vsα and vsβ.

The stator voltage components vsα and vsβ are obtained by applying Concordia
transformation on the output voltage of the three-phase VSI which are given by:

vsα ¼
ffiffiffi
2
3

r
Vdc Sa � 1

2
Sb þ Scð Þ

� �

vsβ ¼
ffiffiffi
1
2

r
Vdc Sb � Scð Þ

8>>><
>>>:

(18)

Figure 4.
Three-level hysteresis comparator for electromagnetic torque control.
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The stator currents components isα and isβ can be obtained also by applying
Concordia transformation on the measured currents:

isα ¼
ffiffiffi
3
2

r
isa

isβ ¼ 1ffiffiffi
2

p isb � iscð Þ

8>>>><
>>>>:

(19)

6.2 Electromagnetic torque estimation

The produced electromagnetic torque of the induction motor can be determined
using the cross product of the stator quantities (i.e., stator flux and stator currents).
The torque formula is expressed as the following:

Tem ¼ p ϕsαisβ � ϕsβisα
� �

(20)

7. Switching table construction and control algorithm design

To maintain a decoupled control, a pair of hysteresis comparators receives the
stator flux and torque errors as inputs. Then, the comparators outputs determine
the appropriate voltage vector selection. However, the choice of voltage vector is
not only depending on the output of hysteresis controllers but on the position of
stator flux vector also. Thus, the circular stator flux vector trajectory will be divided
into six symmetrical sectors (Table 1).

For each sector, the vectors (Vi and V3+i) are not considered because both of
them can increase or decrease the torque in the same sector according to the
position of flux vector on the first or the second sector. If the zero vectors V0 and V7

are selected, the stator flux will stop moving, its magnitude will not change, and the
electromagnetic torque will decrease, but not as much as when the active voltage
vectors are selected. The resulting look-up table for DTC which was proposed by
Takahashi is presented in Table 2.

Increases Decreases

ϕs Vi�1 and Vi+1 Vi+2 and Vi�2

Tem Vi+1 and Vi+2 Vi�1 and Vi�2

Table 1.
Generalized switching table.

Flux Torque 1 2 3 4 5 6 Comparator

Cflx = 1 Ctrq = 1 V2 V3 V4 V5 V6 V1 Two-level

Ctrq = 0 V7 V0 V7 V0 V7 V0

Ctrq = �1 V6 V1 V2 V3 V4 V5 Three-level

Cflx = 0 Ctrq = 1 V3 V4 V5 V6 V1 V2 Two-level

Ctrq = 0 V0 V7 V0 V7 V0 V7

Ctrq = �1 V5 V6 V1 V2 V3 V4 Three-level

Table 2.
Look-up table for basic direct torque control.
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ϕs,ϕr are stator and rotor flux vectors.
δ angle between the stator and rotor flux vectors.
From expression (14), it is clear that the electromagnetic torque is controlled by

the stator and rotor flux amplitudes. If those quantities are maintaining constant,
the torque can be controlled by adjusting the load angle δ.

The torque regulation can be realized using three-level hysteresis comparator.
(Figure 4).

The logical outputs of the torque controller are defined as:

Ctrq ¼ 1 if ΔTem>hTem

Ctrq ¼ 0 if � hTem ≤ΔTem ≤ hTem

Ctrq ¼ �1 if ΔTem < � hTem

(15)

where hTem is hysteresis band of torque.
The torque error is defined by the difference between the references values of

the torque and the actual estimated values:

ΔTem ¼ T ∗
em � Tem (16)

6. Estimation of stator flux and electromagnetic torque

6.1 Stator flux estimation

The amplitude of the stator flux is estimated from its two-phase components
ϕsα and ϕsβ:

ϕs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2
sα þ ϕ2

sβ

q
(17)

Or ϕsα and ϕsβ are estimated using Eq. (4) which requires knowledge of the
components of the stator current vector isα and isβ and that of the vector stator
voltage vsα and vsβ.

The stator voltage components vsα and vsβ are obtained by applying Concordia
transformation on the output voltage of the three-phase VSI which are given by:

vsα ¼
ffiffiffi
2
3

r
Vdc Sa � 1

2
Sb þ Scð Þ

� �

vsβ ¼
ffiffiffi
1
2

r
Vdc Sb � Scð Þ

8>>><
>>>:

(18)

Figure 4.
Three-level hysteresis comparator for electromagnetic torque control.
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The stator currents components isα and isβ can be obtained also by applying
Concordia transformation on the measured currents:

isα ¼
ffiffiffi
3
2

r
isa

isβ ¼ 1ffiffiffi
2

p isb � iscð Þ

8>>>><
>>>>:

(19)

6.2 Electromagnetic torque estimation

The produced electromagnetic torque of the induction motor can be determined
using the cross product of the stator quantities (i.e., stator flux and stator currents).
The torque formula is expressed as the following:

Tem ¼ p ϕsαisβ � ϕsβisα
� �

(20)

7. Switching table construction and control algorithm design

To maintain a decoupled control, a pair of hysteresis comparators receives the
stator flux and torque errors as inputs. Then, the comparators outputs determine
the appropriate voltage vector selection. However, the choice of voltage vector is
not only depending on the output of hysteresis controllers but on the position of
stator flux vector also. Thus, the circular stator flux vector trajectory will be divided
into six symmetrical sectors (Table 1).

For each sector, the vectors (Vi and V3+i) are not considered because both of
them can increase or decrease the torque in the same sector according to the
position of flux vector on the first or the second sector. If the zero vectors V0 and V7

are selected, the stator flux will stop moving, its magnitude will not change, and the
electromagnetic torque will decrease, but not as much as when the active voltage
vectors are selected. The resulting look-up table for DTC which was proposed by
Takahashi is presented in Table 2.

Increases Decreases

ϕs Vi�1 and Vi+1 Vi+2 and Vi�2

Tem Vi+1 and Vi+2 Vi�1 and Vi�2

Table 1.
Generalized switching table.

Flux Torque 1 2 3 4 5 6 Comparator

Cflx = 1 Ctrq = 1 V2 V3 V4 V5 V6 V1 Two-level

Ctrq = 0 V7 V0 V7 V0 V7 V0

Ctrq = �1 V6 V1 V2 V3 V4 V5 Three-level

Cflx = 0 Ctrq = 1 V3 V4 V5 V6 V1 V2 Two-level

Ctrq = 0 V0 V7 V0 V7 V0 V7

Ctrq = �1 V5 V6 V1 V2 V3 V4 Three-level

Table 2.
Look-up table for basic direct torque control.
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8. Global scheme of conventional direct torque control

The global control scheme of conventional direct torque control strategy is
shown in Figure 5. It is composed of speed regulation loop; the proportional-
integral (PI) controller is used for the regulation. It is performed by comparing the
speed reference signal to the actual measured speed value. Then the comparison
error becomes the input of the PI controller. The pole placement method is used to
determine the controller gains. The used PI controller in our work in the outer speed
loop is the anti-windup controller. It allows to enhance speed control performance
by canceling the windup phenomenon which is caused by the saturation of the pure
integrator [20]. Figure 6 shows the speed anti-windup PI controller diagram block.

This strategy consists on the correction of the integral action based on the
difference between the control signal and the saturation limit. The difference value

Figure 5.
Global control scheme of basic direct torque control.

Figure 6.
Speed anti-windup PI controller.
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is passed through a gain block (tracking time constant Ti) before arriving as feed-
back to the integrator. As well flux and torque hysteresis controllers, look-up
switching table, an association of VSI-Induction motor, voltage and current calcu-
lation blocks with 3/2 (Concordia) transformation and flux/torque estimators with
position/sector determination.

9. Constant switching frequency direct torque control using SVM

The conventional direct torque control has several disadvantages, among which
the variable switching frequency and the high level of ripples. Consequently, they
lead to high-current harmonics and an acoustical noise and they degrade the control
performance especially at low speed values. The ripples are affected proportionally
by the width of the hysteresis band. However, even with choosing a reduced
bandwidth values, the ripples are still important due to the discrete nature of the
hysteresis controllers. Moreover, the very small values of bandwidths increase
inverter switching frequency. In order to overcome these drawbacks, most of the
studies presented in the literature have been oriented towards modification in
the conventional DTC method by the introduction of a vector modulator [21, 22].
The vector PWM technique (SVM) is used to apply a voltage vector with a fixed
switching frequency. The control system consists of replacing the switching table
and the hysteresis comparators with proportional and integrating controllers (PI)
for controlling the stator flux and the electromagnetic torque, [6, 23–27]. The main
drawbacks of DTC-SVM using PI controllers are the sensitivity of the performances
to the system-parameter variations and the inadequate rejection of external
disturbances and load changes [28, 29]. To cope with this disadvantage, it is
suggested to replace the conventional regulators used for the speed control, flux,
and electromagnetic torque by intelligent controllers by adaptive fuzzy-PI and
fuzzy logic to make the control more robust against the disturbances of the
parameters of the machine.

9.1 Space vector modulation algorithm

This technique is much requested in the field of control in that the reference
voltages are given by a global control vector approximated over a modulation
period Tz. The principle of SVM is the prediction of inverter voltage vector by the
projection of the reference vector V ∗

s between adjacent vectors corresponding to
two non-zero switching states. For two-level inverters, the switching vector dia-
gram forms a hexagon divided into six sectors, each one is expanded by 60° as
shown in Figure 7.

The application time for each vector can be obtained by vector calculations, and
the rest of the time period will be spent by applying the null vector.

When the reference voltage is in sector 1 (Figure 8), it can be synthesized by
using the vectors V1, V2, and V0 (zero vector).

The determination of times T1 and T2 corresponding to voltage vectors are
obtained by simple projections (Figure 9).

T1 ¼
ffiffiffi
6

p � Vsα �
ffiffiffi
2

p � Vsβ

2Vdc
T (21)

T2 ¼
ffiffiffi
2

p � Vsβ

Vdc
� T (22)

where Vdc is the DC bus voltage.
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performance especially at low speed values. The ripples are affected proportionally
by the width of the hysteresis band. However, even with choosing a reduced
bandwidth values, the ripples are still important due to the discrete nature of the
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inverter switching frequency. In order to overcome these drawbacks, most of the
studies presented in the literature have been oriented towards modification in
the conventional DTC method by the introduction of a vector modulator [21, 22].
The vector PWM technique (SVM) is used to apply a voltage vector with a fixed
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for controlling the stator flux and the electromagnetic torque, [6, 23–27]. The main
drawbacks of DTC-SVM using PI controllers are the sensitivity of the performances
to the system-parameter variations and the inadequate rejection of external
disturbances and load changes [28, 29]. To cope with this disadvantage, it is
suggested to replace the conventional regulators used for the speed control, flux,
and electromagnetic torque by intelligent controllers by adaptive fuzzy-PI and
fuzzy logic to make the control more robust against the disturbances of the
parameters of the machine.

9.1 Space vector modulation algorithm

This technique is much requested in the field of control in that the reference
voltages are given by a global control vector approximated over a modulation
period Tz. The principle of SVM is the prediction of inverter voltage vector by the
projection of the reference vector V ∗

s between adjacent vectors corresponding to
two non-zero switching states. For two-level inverters, the switching vector dia-
gram forms a hexagon divided into six sectors, each one is expanded by 60° as
shown in Figure 7.

The application time for each vector can be obtained by vector calculations, and
the rest of the time period will be spent by applying the null vector.

When the reference voltage is in sector 1 (Figure 8), it can be synthesized by
using the vectors V1, V2, and V0 (zero vector).

The determination of times T1 and T2 corresponding to voltage vectors are
obtained by simple projections (Figure 9).

T1 ¼
ffiffiffi
6

p � Vsα �
ffiffiffi
2

p � Vsβ

2Vdc
T (21)

T2 ¼
ffiffiffi
2

p � Vsβ

Vdc
� T (22)

where Vdc is the DC bus voltage.
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Figure 7.
Diagram of voltage space vector.

Figure 8.
Reference vector as a combination of adjacent vectors at sector 1.

Figure 9.
Switching times of sector 1.
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T1, T2, and T0 are the corresponding application times of the voltage vectors,
respectively. Tz is the sampling time.

Figure 10 shows the global block diagram of DTC with SVM.

9.2 Principle of fuzzy direct torque control

The complete block diagram DTC-SVM improvement of induction motor drive
with fuzzy logic controller is shown in Figure 11. The practical difficulty with PI
controllers has been addressed in the previous section. The PI controllers are being
replaced by fuzzy logic controllers that generates the module and the voltage
vector angle in order to bring the stator flux and the electromagnetic torque to
references optimally; this vector is used by a PWM control vector to generate the
pulses for the control of the switches of the inverter, and PI speed controller is
replaced by the adaptive fuzzy-PI speed controller to offer a good insensitivity to
parameter variations, to get better response in external disturbance rejection and
fast dynamics.

9.2.1 Selecting the position of the voltage vector

The position of the reference voltage vector with respect to the stator flux vector
must be chosen so as to maintain the stator flux and the electromagnetic torque in
an optimal error band around their reference value. The errors of torque and flux
are multiplied by “scales factors” to obtain standardized sizes and functions. These

Figure 10.
Global control scheme of SVM-direct torque control with PI controller.
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values are used by the fuzzification block to be transformed into fuzzy values.
These are used by the block fuzzy control rules after defuzzification; the value of
(ψ) which must be added to the angle of the stator flux [30–32] (Figure 12).

9.2.2 Selection of the voltage vector magnitude

The voltage vector module must be selected to minimize the error of torque and
flux. A fuzzy logic controller is designed to generate the appropriate voltage vector
magnitude (Figure 13).

Figure 11.
Global control scheme of SVM-direct torque control with fuzzy logic controllers and adaptive fuzzy-PI speed controller.

Figure 12.
Controller structure for estimating the angle (ψ).

Figure 13.
Controller structure for voltage vector module estimation.
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9.2.3 Selection of the voltage vector magnitude

The voltage vector obtained from the characteristic comes to the vector modu-
lation Vs

�� �� ¼ f εTemð Þ which in turn generates the states, and switches using Vα, Vβ

the following algorithm:
Calculate the biphasic components of the desired voltage vector using the fol-

lowing equations [30–32]:

Vsα ¼ Vs cos θð Þ
Vsβ ¼ Vs sin θð Þ

�
(23)

• Calculation of the area where the desired voltage vector is.

• Get the switching vectors and their operating cycle. Then calculate the
operating cycle of the null switching vector t0 ¼ 1� t1 � t2ð Þ.

• Calculation of the relative position of the clock (PRH) in the sampling time by
using the following equations:

PRH ¼ Rem t=Tsð Þ=Ts: (24)

9.2.4 The speed control of the IM by an adaptive fuzzy-PI controller

In what follows, we show the synthesis and description of the adaptation of the
PI controller by a fuzzy system method:

The fuzzy inference mechanism adjusts the PI parameters and generates new
parameters during the process control. It enlarges the operating area of the linear
controller (PI) so that it also works with a nonlinear system [33, 34].

The inputs of the fuzzy adapter are the error (e) and the derivative of error (Δe);
the outputs are the normalized value of the proportional action (k0p) and the nor-

malized value of the integral action (k0i).
The normalization PI parameters are given by:

k0p ¼ kp � kpmin
� �

= kpmax � kpmin
� �

(25)

k0i ¼ ki � kiminð Þ= kimax � kiminð Þ (26)

The parameters k0p and k0i are determined by a set of fuzzy rules of the form:

If e is Ai and Δe is Bi, then k0p is Ci, and k0i is Di (27)

where Ai, Bi, Ci, and Di are fuzzy sets on corresponding supporting sets.
The associated fuzzy sets involved in the fuzzy control rules are defined as follows:

The membership functions for the fuzzy sets corresponding to the error e and Δe
and the adjusted proportional and integral terms (k0p and k0i) are defined in Figures 14
and 15.

By using the membership functions shown in Figure 15, we satisfy the following
condition.

PB Positive big NB Negative big B Big

PM Positive medium NM Negative medium ZE Zero

PS Positive small NS Negative small S Small
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Xm
1

υi ¼ 1 (28)

The fuzzy outputs k0p and k0i can be calculated by the center of area
defuzzification as:

k0p, k
0
i

h i
¼
P3

i¼1wiciP3
i¼1wi

¼

c1 … c2½ �
w1

⋮
w2

2
64

3
75

P2
i¼1wi

¼ υTW (29)

Figure 14.
Membership functions e and Δe.

Figure 15.
Membership functions k0p and k0i.

e

Δe NB NM NS ZE PS PM PB

NB B B B B B B B

NM S B B B B B S

NS S S B B B S S

ZE S S S B S S S

PS S S B B B S S

PM S B B B B B S

PB B B B B B B B

Table 3.
Fuzzy rule base for computing k0p.
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where C ¼ c1 … c2½ � is the vector containing the output fuzzy centers of the
membership functions, W ¼ w1⋯w2½ �=P2

i¼1wi is the firing strength vector,
and υi represents the membership value of the output k0p or k

0
i to output fuzzy

set i.
Once the values of k0p and k0i are obtained (Tables 3 and 4), the new parameters

of PI controller is calculated by the following equations:

kp ¼ kpmax � kpmin
� �

k0p þ kpmin (30)

ki ¼ kimax � kiminð Þk0i þ kimin (31)

10. Simulation results

The DTC control algorithms have been simulated by MATLAB/Simulink soft-
ware. A comparative study between the three strategies for the direct torque control
(DTC) of induction motor (IM) is presented. The first method is a conventional
direct torque control (C-DTC) where the torque and the flux are regulated by the
hysteresis controllers. The second one is direct torque control by space vector
modulation strategy (SVM-DTC) where the torque and flux are regulated by PI
controllers. The third one is fuzzy SVM-DTC with adaptive fuzzy-PI speed control-
ler where the torque and flux are regulated by fuzzy logic controllers is presented.
The simulation has been conducted for a three-phase 1.5 kW squirrel-cage induc-
tion motor with characteristics given in the appendix. The starting up and the
steady states of the controlled motor with load introduction are presented. For the
classical DTC, the chosen bandwidths of the hysteresis controllers are�0.01Wb for
flux and �0.1 Nm for torque.

This section presents the starting up state of the induction motor according to
speed step reference of 1000 rpm. Then, a load of 10 Nm is suddenly applied
between (t = 1 s) and (t = 2 s).

Figures 16 and 17 show, respectively, rotor speed, torque, stator phase current
isa, flux magnitude, and the circular trajectory.

Figures 16 and 17(a) illustrate the comparison between speed responses of
conventional DTC and SVM-DTC-PI, according to the speed reference step of
1000 rpm. The load disturbance has been introduced between (t = 1 s) and (t = 2 s).
The results of Figure 16 show that the conventional DTC technique gives a good
dynamic at starting up. We can notice that the speed regulation loop rejects the
applied load disturbance quickly. The SVM-DTC-PI in Figure 17(a) kept the same

e

Δe NB NM NS ZE PS PM PB

NB B B B B B B B

NM B S S S S S B

NS B B S S S B B

ZE B B B S B B B

PS B B S S S B B
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PB B B B B B B B

Table 4.
Fuzzy rules base for computing k0i.
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The simulation has been conducted for a three-phase 1.5 kW squirrel-cage induc-
tion motor with characteristics given in the appendix. The starting up and the
steady states of the controlled motor with load introduction are presented. For the
classical DTC, the chosen bandwidths of the hysteresis controllers are�0.01Wb for
flux and �0.1 Nm for torque.

This section presents the starting up state of the induction motor according to
speed step reference of 1000 rpm. Then, a load of 10 Nm is suddenly applied
between (t = 1 s) and (t = 2 s).

Figures 16 and 17 show, respectively, rotor speed, torque, stator phase current
isa, flux magnitude, and the circular trajectory.

Figures 16 and 17(a) illustrate the comparison between speed responses of
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fast speed response of DTC strategy. Since the same PI speed controller is used for
both schemes, there is no difference in the transient response.

Then, the results illustrate the torque responses with load application. The fig-
ures show that at the beginning the speed controller (PI anti-windup) operates the
system at the physical limit. It can be seen clearly that the constant switching
frequency-based DTC strategy in Figure 17(a) has a reducer ripples level owing to
the use of SVM compared to the conventional DTC in Figure 16, where it is
observed that the high torque ripples exceed the hysteresis boundary. Next, the

Figure 16.
Simulation results of the classical DTC control applied to IM.
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Figure 17.
Simulation results of the SVM-DTC control applied to IM. (a) SVM-DTC-PI. (b) SVM-DTC- Fuzzy.
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fast speed response of DTC strategy. Since the same PI speed controller is used for
both schemes, there is no difference in the transient response.

Then, the results illustrate the torque responses with load application. The fig-
ures show that at the beginning the speed controller (PI anti-windup) operates the
system at the physical limit. It can be seen clearly that the constant switching
frequency-based DTC strategy in Figure 17(a) has a reducer ripples level owing to
the use of SVM compared to the conventional DTC in Figure 16, where it is
observed that the high torque ripples exceed the hysteresis boundary. Next, the
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stator phase current with zoom is presented. The conventional DTC in Figure 16
shows a chopped sinusoid waveform of current which indicates a high harmonic
level, while SVM-DTC in Figure 17(a) shows a smoother sinusoid waveform. After
that, the results exhibit the magnitude of stator flux evolution and circular trajec-
tory. It is clear that the flux ripples of the conventional DTC have exceeded the
hysteresis boundary. The magnitude and the trajectory illustrate that the flux takes
a few steps before reaching the reference value (1.2 Wb) at the starting stage due to
the zone’s changing.

The simulation in Figure 17(b) shows that the SVM-DTC-fuzzy has better
performance than those obtained by both other DTC strategies (conventional and
SVM-PI). There is an appreciable decrease in the start-up response time; we can
notice that the speed regulation loop rejects the applied load disturbance very
quickly which proves the performance of adaptive fuzzy-PI controller as well as a
significant attenuation of the ripples of the torque and of the sinusoidal current
without any ripple in the steady state.

11. Conclusion

The main objective of this chapter is the improvement of the performance of an
induction motor drive controlled by DTC. The objective of this improvement is to
minimize the ripples of the couple and the flux of the IM on the one hand and the
decrease of the switching frequency of the inverter on the other hand. In this
context, a comparative analysis between different DTC strategies has been
presented. This chapter began by explaining the principle of the conventional DTC,
SVM-DTC-PI, and SVM-DTC-fuzzy with adaptive Fuzzy-PI speed controller. The
chapter presents later a discussion based on the simulation results presented in the
same work. The synthesis of this simulation study reveals advantages of SVM-DTC-
fuzzy scheme compared to the two strategies: conventional DTC and SVM-DTC-PI.
It has been observed by comparing the torque, speed, and stator flux characteristics
that the method SVM-DTC-fuzzy is better. It is clear that the current is sinusoidal
without any ripple in the steady state and torque ripples are reduced. In order to
improve the SVM-DTC-fuzzy to have better performances, this method has been
associated to the adaptive fuzzy-PI speed controller. This association makes the
induction motor-based DTC perform more and more stable; there is an appreciable
decrease in the start-up response time; we can notice that the speed regulation loop
rejects the applied load disturbance very quickly.

A. IM motor parameters

Item Symbol Data

IM mechanical power PW 1.5 kw

Nominal speed ω 1420 rpm

Nominal frequency f 50 Hz

Pole pair number P 2

Stator resistance Rs 4.85 Ω

Rotor resistance Rr 3.805 Ω

Stator self-inductance Ls 274 mH
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Chapter 3

DTC-SVM Approaches of an
Induction Motor Dedicated to
Position Control Applications
Fatma Ben Salem

Abstract

The chapter is devoted to the DTC and DTC-SVM position control approaches of
induction motor (IM) allowing the movement of a photovoltaic panel according to
the maximum sunshine position to extract a high efficiency of the system. The DTC
is selected to full the application requirements, especially a maximum torque at
standstill. This feature is necessary in order to guarantee a high degree of robustness
of the maximum sunshine position tracking system against the high and sudden
load torque variations characterized by the gusts of wind. The first step is devoted
to a comparison study between three DTC strategies, dedicated to position control,
such that: the basic DTC strategy, the DTC strategy with a look-up table including
only active voltage vectors, and the DTC-SVM strategy with hysteresis controllers.
Furthermore, the synthesis and the implementation of DTC-SVM approaches based
on position control are treated. Within this context, the final part of the chapter
proposes a comparison between three DTC-SVM approaches: (i) a DTC-SVM
approach using PI controllers, (ii) a DTC-SVM approach using PI controllers with a
nonlinear compensator, and (iii) a DTC-SVM approach using sliding mode control-
lers. In that case, an adaptation approach of parameter estimators are implemented
in order to eliminate the effects of parameter variations and load disturbances.
Simulations results show that the SM DTC-SVM approach gives the best results.

Keywords: induction machine, position control, SM, DTC, SVM, parameters
variations, load disturbances

1. Introduction

Induction motors (IM) are very common because they are inexpensive and
robust, finding use in everything from industrial applications such as pumps, fans,
and blowers to home appliances. In recent years, the control of high-performance
IM drives for general industrial applications and production areas has received a lot
of research interests.

The most modern technique, for the induction machine, is the direct torque and
the stator flux vector control method (DTC). It has been realized in an industrial
way by ABB, using the theoretical background proposed by Takahashi [1] and
Depenbrock [2] in the middle of 1980’s. Over the years, DTC method becomes one
of the high-performance control strategies for AC machines to provide a very fast
torque and flux control [3, 4].
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Chapter 3

DTC-SVM Approaches of an
Induction Motor Dedicated to
Position Control Applications
Fatma Ben Salem

Abstract

The chapter is devoted to the DTC and DTC-SVM position control approaches of
induction motor (IM) allowing the movement of a photovoltaic panel according to
the maximum sunshine position to extract a high efficiency of the system. The DTC
is selected to full the application requirements, especially a maximum torque at
standstill. This feature is necessary in order to guarantee a high degree of robustness
of the maximum sunshine position tracking system against the high and sudden
load torque variations characterized by the gusts of wind. The first step is devoted
to a comparison study between three DTC strategies, dedicated to position control,
such that: the basic DTC strategy, the DTC strategy with a look-up table including
only active voltage vectors, and the DTC-SVM strategy with hysteresis controllers.
Furthermore, the synthesis and the implementation of DTC-SVM approaches based
on position control are treated. Within this context, the final part of the chapter
proposes a comparison between three DTC-SVM approaches: (i) a DTC-SVM
approach using PI controllers, (ii) a DTC-SVM approach using PI controllers with a
nonlinear compensator, and (iii) a DTC-SVM approach using sliding mode control-
lers. In that case, an adaptation approach of parameter estimators are implemented
in order to eliminate the effects of parameter variations and load disturbances.
Simulations results show that the SM DTC-SVM approach gives the best results.

Keywords: induction machine, position control, SM, DTC, SVM, parameters
variations, load disturbances

1. Introduction

Induction motors (IM) are very common because they are inexpensive and
robust, finding use in everything from industrial applications such as pumps, fans,
and blowers to home appliances. In recent years, the control of high-performance
IM drives for general industrial applications and production areas has received a lot
of research interests.

The most modern technique, for the induction machine, is the direct torque and
the stator flux vector control method (DTC). It has been realized in an industrial
way by ABB, using the theoretical background proposed by Takahashi [1] and
Depenbrock [2] in the middle of 1980’s. Over the years, DTC method becomes one
of the high-performance control strategies for AC machines to provide a very fast
torque and flux control [3, 4].
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The DTC has been selected in order to fulfill the application requirements,
especially a maximum torque at standstill. This feature is necessary in order to
guarantee a high degree of robustness of the maximum sunshine position tracking
system against the high and sudden load torque variations characterized by the
gusts of wind. This positioning system can be introduced in the multi-sources
hybrid system, in order to allow high efficiencies of photovoltaic systems. To do so,
an electric motor drive could be associated with photovoltaic panels in order to be
able to track the maximum sunshine positions during the day. In what follows, the
chapter will be focused on the problem of position regulation of an induction motor
under DTC and DTC-SVM strategies.

2. A case study: solar panel positioning

2.1 Problem heading

Photovoltaic panels are commonly exposed to the sun in a fixed position
corresponding to the maximum sunshine recorded during a day that is the position
of the sun at midday. Nevertheless, this strategy does not allow the extraction of the
maximum power during a day and therefore a high efficiency of photovoltaic
systems, which can be integrated with the multi-source hybrid system, described
above. An approach to solve this problem consists in moving photovoltaic panels
according to the maximum sunshine position. To do so, an electric motor drive
could be associated with photovoltaic panels in order to be able to track the maxi-
mum sunshine positions during the day. Accounting for the high perturbation
amplitude applied to the panel, the control strategy to be implemented in the drive
is of great importance [5].

The proposed tracking system has two freedom degrees in such a way that it
allows the displacement of the photovoltaic system within latitudes and meridians:
the first degree of freedom is controlled automatically by an IM drive under the
control of a DTC strategy.

The DTC approach has been selected in order to full the application require-
ments, especially a maximum torque at standstill. This feature is necessary in order
to guarantee a high degree of robustness of the maximum sunshine position track-
ing system against the high and sudden load torque variations characterized by the
gusts of wind.

The followingworkwill be focused on the study of the first freedom degree. Special
attention is paid to the implementation of a suitable DTC strategy in the IM drive.

2.2 Mathematical model of induction machines

The dynamic behavior of an induction machine is defined in terms of space
variables in the sequel:

d
dt

ϕαs ¼ vαs � Rsiαs

d
dt

ϕβs ¼ vβs � Rsiβs

d
dt

ϕαr ¼ �Rriαr � ωmϕβr

d
dt

ϕβr ¼ �Rriβr þ ωmϕαr

8>>>>>>>>>><
>>>>>>>>>>:

(1)
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considering that subscripts s and r refer to stator and rotor, subscripts α and β
refer to components in α, βð Þ frame, v, i and ρð refer to voltage, current and flux, Rs
and Rr refer to stator and rotor resistances, and ωm refers to the machine speed
(ωm ¼ NpΩm ¼ ωs � ωr and Np is the pole pair number).

Relationships between currents and flux are:

ϕαs ¼ Lsiαs þMiαr
ϕαr ¼ Miαs þ Lriαr
ϕβr ¼ Miβs þ Lriβr
ϕβs ¼ Lsiβs þMiβr

8>>><
>>>:

(2)

where L and M refer to the inductance and the mutual one.
The mechanical part of the machine is described by:

J
d
dt

Ωm ¼ Tem � Tl (3)

where J is the motor inertia and Tl represent the load torque.

2.3 Voltage source inverter

The made constant DC voltage by the rectifier is delivered to the inverter input,
which thanks to controlled transistor switches, converts this voltage to three-phase
AC voltage signal with wide range variable voltage amplitude and frequency.

The voltage vector of the three-phase voltage inverter can be represented as
follows:

V
!

s ¼
ffiffiffi
2
3

r
Sa þ Sbe j2π3 þ Sce j4π3
h i

(4)

where Sa, Sb and Sc are three-phase inverter switching functions, which can take
a logical value of either 0 or 1.

2.4 Basic concept of DTC based position control

The implementation scheme of the Takahashi basic DTC strategy applied to the
position regulation of an induction motor drive is shown in Figure 1.

Referring to [5, 6], it has been found that the Takahashi basic DTC strategy is
penalized at low speeds by the so-called “demagnetization phenomenon” which is
caused by the systematic application of zero voltage vectors when the torque
regulator output is zero, independently of the flux regulator output state. Indeed,
the application of these voltage vectors during a sampling period Ts yields a slight
decrease of the stator flux at high speeds. However, at low speeds, the application of
zero voltage vectors leads to a high reduction of the stator flux, yielding the
demagnetization problem which affects the electromagnetic torque.

In order to overcome this shortcoming, the zero-voltage vectors can be
substituted by active ones. For a given stator flux vector and when the torque
regulator output is “0”, the active vector around which is located the sector
including the stator flux vector, is applied. The resulting look-up table is given in
Table 1. Nevertheless, this substitution is associated to an other crucial problem:
that is an increase of the inverter switching frequency which compromises the drive
efficiency.
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2.5 Concept of DTC-SVM with hysteresis controllers based position control

The implementation scheme of the DTC-SVM strategy with hysteresis control-
lers applied to the position regulation of an induction motor drive is shown in
Figure 2. It has the same layout as the one of the basic DTC strategy proposed in
section II, except that the SVM bloc is added to the control system that ensures an
imposed switching frequency [7–12].

Figure 1.
IM position regulation based on basic DTC strategy.
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Table 1.
Look-up table with zero-voltage vectors substituted by active ones.
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2.6 Simulations and discussions: A comparative study

The ratings and parameters of the induction machine, used in the simulation
study, are listed in Tables 2 and 3 respectively.

• The sampling period Ts has been chosen equal to 50μs in the cases of the first
and the second strategies, whereas in the case of the third strategy, it has been
chosen equal to 100μs.

• Bandwidths of flux and torque hysteresis regulators have been chosen as: εϕ ¼
0:02Wb and ετ ¼ 5N for the two first strategies, whereas for the third one,
they have been selected as εϕ ¼ 0:02Wb and ετ ¼ 3:5N.

• The load torque is given by the following expression: Tl ¼ K sin θ: K has been
calculated and has been found equal to 57.762 N.m.

• The modulation period has been fixed to Tmod ¼ 150μs in DTC-SVM approach
under study.

Figure 2.
Induction motor position regulation based on the DTC-SVM strategy.

Power 10 kW Voltage 380 V/220 V

Efficiency 80% Current 24A/41A

Speed 1500 rpm Frequency 50 Hz

Table 2.
Induction machine ratings.
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2.6 Simulations and discussions: A comparative study
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Figures 3–5 show the induction motor dynamic following the application of a
dual-step reference position under the basic Takahashi DTC strategy, the modified
Takahashi one, and the DTC-SVM strategy with a controlled commutation fre-
quency, respectively. In order to highlight performances gained by the DTC-SVM
scheme, resulting features are compared to the obtained ones following the
implementation of the basic DTC strategy. The analysis of these results leads to the
following remarks:

• Figures 3a–5a show that the three DTC strategies exhibit almost the same
position and speed dynamics,

• Performances of the flux loop of the basic Takahashi DTC strategy is affected
by the demagnetized phenomenon (Figure 3d). In fact, the analysis of the
Takahashi strategy highlights low performances at low speed operations.
Under such conditions, and for steady state operations, the motor turns to be
demagnetized.

• In order to overcome the demagnetization problem caused by zero-voltage
vectors included in the look-up table of the basic DTC strategy, these have

rs ¼ 0:29Ω rr ¼ 0:38Ω M ¼ 47:3mH

Ls ¼ Lr ¼ 50mH Np ¼ 2 J ¼ 0:5Kg:m2

Table 3.
Induction machine parameters.

Figure 3.
Induction motor position regulation under the basic Takahashi DTC strategy, (a): Rotor position θ and its
reference, (b): Speed Ωm, (c): Electromagnetic torque Tem, (d): Stator flux Φs.
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Figure 5.
Induction motor position regulation under the DTC-SVM strategy with a constant commutation frequency of
6.5 kHz, (a) rotor position θ, (b): Speed Ωm,: (b): Electromagnetic torque Tem, (d): Stator flux Φs.

Figure 4.
Induction motor position regulation under the modified Takahashi DTC strategy, (a): Rotor position θ and its
reference, (b): Speed Ωm, (c): Electromagnetic torque Tem, (d): Stator flux Φs.
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been substituted by active vectors. Obtained results are illustrated in Figure 4.
Referring to Figure 4d, one can notice that the demagnetization problem has
been removed, while performances of the motor, for high speeds, are not
affected. However, the torque ripple amplitudes rise considerably (Figure 4c)
with respect to the one yielded by the Takahashi DTC strategy, which
represents a severe drawback.

• Figure 5 shows that the DTC-SVM strategy exhibits high dynamical
performances. In fact, this approach presents a low torque ripple amplitude
(Figure 5c). Moreover, it completely eliminates the demagnetization
phenomenon (Figure 5d).

Further investigation of the stator flux has been achieved through the represen-
tation of the stator flux vector extremity locus in the α, βð Þ plane. This has been

Figure 6.
Locus of the extremities of Φs, with (a) basic Takahashi DTC strategy, (b) modified Takahashi DTC strategy
and (c) DTC-SVM strategy with a constant commutation frequency.

Figure 7.
Average commutation frequency of the inverter power switches, (a) basic Takahashi DTC strategy,
(b) modified Takahashi DTC strategy.
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done considering the three DTC strategies. Obtained results are shown in
Figure 6. One can notice, easily, that the DTC-SVM strategy with hysteresis
regulators and with an imposed commutation frequency yields to the smoothest
circular locus.

Finally, we have involved in the assessment of the average commutation fre-
quencies of both basic and modified Takahashi DTC strategies. Obtained results
have been showing in Figure 7. It is to be noted that the basic DTC strategy and the
DTC-SVM with an imposed commutation frequency Fc ¼ 6:25kHzð Þ strategy offer
lower commutation frequencies than the modified Takahashi DTC strategy.

3. Concept of PI DTC-SVM based position control

3.1 Computing of flux reference coordinates

The slip angular reference speed ω ∗
r , which is the output of the PI controller, will

be used to calculate the argument of the stator flux reference. In the reference frame
α, βð Þ, coordinates of the reference stator flux ϕ ∗

αs and ϕ ∗
βs are calculated from the

polar coordinates according to the following expressions:

ϕ ∗
αs ¼ ∣Φ ∗

s ∣ cos θ
∗
s

ϕ ∗
βs ¼ ∣Φ ∗

s ∣ sin θ
∗
s

8<
: (5)

3.2 Computing of voltage reference coordinates

The coordinates of references of voltage vectors v ∗
αs and v ∗

βs in α, βð Þ frame are
determined by the following equations:

V ∗
αs ¼

ϕ ∗
αs � ϕαs

Te
þ Rsiαs

V ∗
βs ¼

ϕ ∗
βs � ϕβs

Te
þ Rsiβs

8>>>><
>>>>:

(6)

Finally, they are introduced to the SVM block, which uses them to control the
inverter switches Sa, Sb, Scð Þ.

3.3 Position control loop

The objective is the design of a suitable controller as described by Figure 8.

Figure 8.
Position control loop.

47

DTC-SVM Approaches of an Induction Motor Dedicated to Position Control Applications
DOI: http://dx.doi.org/10.5772/intechopen.94436



been substituted by active vectors. Obtained results are illustrated in Figure 4.
Referring to Figure 4d, one can notice that the demagnetization problem has
been removed, while performances of the motor, for high speeds, are not
affected. However, the torque ripple amplitudes rise considerably (Figure 4c)
with respect to the one yielded by the Takahashi DTC strategy, which
represents a severe drawback.

• Figure 5 shows that the DTC-SVM strategy exhibits high dynamical
performances. In fact, this approach presents a low torque ripple amplitude
(Figure 5c). Moreover, it completely eliminates the demagnetization
phenomenon (Figure 5d).

Further investigation of the stator flux has been achieved through the represen-
tation of the stator flux vector extremity locus in the α, βð Þ plane. This has been

Figure 6.
Locus of the extremities of Φs, with (a) basic Takahashi DTC strategy, (b) modified Takahashi DTC strategy
and (c) DTC-SVM strategy with a constant commutation frequency.

Figure 7.
Average commutation frequency of the inverter power switches, (a) basic Takahashi DTC strategy,
(b) modified Takahashi DTC strategy.

46

Direct Torque Control Strategies of Electrical Machines

done considering the three DTC strategies. Obtained results are shown in
Figure 6. One can notice, easily, that the DTC-SVM strategy with hysteresis
regulators and with an imposed commutation frequency yields to the smoothest
circular locus.

Finally, we have involved in the assessment of the average commutation fre-
quencies of both basic and modified Takahashi DTC strategies. Obtained results
have been showing in Figure 7. It is to be noted that the basic DTC strategy and the
DTC-SVM with an imposed commutation frequency Fc ¼ 6:25kHzð Þ strategy offer
lower commutation frequencies than the modified Takahashi DTC strategy.

3. Concept of PI DTC-SVM based position control

3.1 Computing of flux reference coordinates

The slip angular reference speed ω ∗
r , which is the output of the PI controller, will

be used to calculate the argument of the stator flux reference. In the reference frame
α, βð Þ, coordinates of the reference stator flux ϕ ∗

αs and ϕ ∗
βs are calculated from the

polar coordinates according to the following expressions:

ϕ ∗
αs ¼ ∣Φ ∗

s ∣ cos θ
∗
s

ϕ ∗
βs ¼ ∣Φ ∗

s ∣ sin θ
∗
s

8<
: (5)

3.2 Computing of voltage reference coordinates

The coordinates of references of voltage vectors v ∗
αs and v ∗

βs in α, βð Þ frame are
determined by the following equations:

V ∗
αs ¼

ϕ ∗
αs � ϕαs

Te
þ Rsiαs

V ∗
βs ¼

ϕ ∗
βs � ϕβs

Te
þ Rsiβs

8>>>><
>>>>:

(6)

Finally, they are introduced to the SVM block, which uses them to control the
inverter switches Sa, Sb, Scð Þ.

3.3 Position control loop

The objective is the design of a suitable controller as described by Figure 8.

Figure 8.
Position control loop.

47

DTC-SVM Approaches of an Induction Motor Dedicated to Position Control Applications
DOI: http://dx.doi.org/10.5772/intechopen.94436



Then, we have:

dθ
dt

¼ Ωm

d2θ
dt2
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dt
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For small values of θ, φ θ, dθdt
� �

can be neglected, and then the mechanical part of
the machine can be represented by a third order linear system described by the
following transfer function:

θ

ωr
¼

A
Jτ

p2 þ K
J

� �
pþ 1

τ

� � (11)

It is to be noted that the application of the following nonlinear feedback repre-
sents a nonlinear compensator:

ωr0 ¼ ωr � Jτ
Kl

φ θ,
dθ
dt

� �
(12)

This loop realizes a feedback linearization. The transfer function between θ and
ω0
r is expressed as:

θ

ω0
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Jτ

p2 þ K
J

� �
pþ 1

τ

� � (13)

which is an exact transfer function without any approximation.
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Observing this transfer function, it is clear that it contains two imaginary poles.
This leads to a certain difficulty to control the system with a PID controller C pð Þ:

C pð Þ ¼ Kc 1þ 1
Tip

þ Tdp
� �

(14)

In fact, the system does not present any stability margin. Moreover, to have an
adequate dynamical behavior, the derivative time constant Tdð Þ should be larger
that the integral time constant Tið Þ, which is strongly not recommended.

3.4 DTC-SVM based position control scheme

The implementation scheme of a DTC-SVM based position regulation of an
induction motor is shown in Figure 9. The idea is based on the decoupling between
the amplitude and the argument of the stator flux reference vector.

The amplitude of this vector will be imposed equal to the nominal value of the
stator flux, but the argument will be calculated according to the desired perfor-
mances. In fact, the error between the reference position θ ∗ and the measured one θ
is applied to the position regulator whose output provides the slip angular reference
speed ω ∗

r , which will be used to calculate the argument of the stator flux reference.
Coordinates of the reference stator flux in the reference frame α, βð Þ are computed
from its polar coordinates according to Eqs. (5). The coordinates of the reference
voltage vector v ∗

αs and v ∗
βs are determined using Eqs. (6).

Finally, the SVM block, which uses these later to generate the convenient stator
voltages inverter in each modulation period, ensuring working with a constant
commutation frequency.

Figure 9.
Induction motor position regulation based on the DTC-SVM strategy.
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3.5 Concept of sliding mode DTC-SVM based position control

Sliding mode (SM) controllers perform well in non nonlinear systems than PI
controllers [13, 14]. Indeed, the sliding mode control is a type of variable structure
systems characterized by the high simplicity and the robustness against insensitivity
to parameter variations and external disturbances [14–16]. Considering a nonlinear
system described by the following state equation:

_X ¼ f Xð Þ þ g Xð ÞU (15)

A choice of the sliding surface S Xð Þ can be given by:

S Xð Þ ¼ h Xð Þ � h X ∗ð Þ (16)

with X ∗ is a reference trajectory.
In order to decide a system trajectory, the equivalent control Ueq represents the

required control to reach and to remain on the sliding surface. The corrected term
ΔU is required to guarantee the remaining on the surface S Xð Þ ¼ 0.

Thus, one can choose for the controller the following expression:

U ¼ Ueq þ ΔU (17)

The equivalent control can be designed as follows: when the system remains on
the sliding surface, we have S Xð Þ ¼ 0, then _S Xð Þ ¼ 0. Since:

_S Xð Þ ¼ h1 Xð Þ f Xð Þ þ g Xð ÞU½ � � h1 X ∗ð Þ _X ∗ ¼ F X,X ∗ð Þ þ G Xð ÞU (18)

where h1 Xð Þ ¼ dh
dX.

This yields the following expression of the equivalent control:

Ueq ¼ h1 Xð Þg Xð Þ½ ��1 h1 X ∗ð Þ _X ∗ � h1 Xð Þf Xð Þ
h i

¼ � G Xð Þ½ ��1F X,X ∗ð Þ (19)

under the regularity of matrix G Xð Þ ¼ h1 Xð Þg Xð Þ½ �.
The term ΔU can be expressed as:

ΔU ¼ �U0 sign GT Xð ÞS Xð Þ
h i

(20)

In fact, if we consider the Lyapunov function:

V Xð Þ ¼ STS>0 (21)

Its differential with respect to time is expressed as:

_V ¼ ST _S ¼ STG Xð ÞΔU ¼ �U0STG Xð Þ sign GT Xð ÞS Xð Þ
h i

¼ �U0 GT Xð ÞS Xð Þ�� ��
1 ≤0 (22)

This yields that the closed loop system is stable.

3.5.1 Position sliding mode controller

The sliding surface is expressed as:

Sθ ¼ d
dt

þ λ1

� �2

εθ ¼ 0 (23)
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that is to say:

Sθ ¼ d2εθ
dt2

þ 2λ1
dεθ
dt

þ λ21εθ ¼ 0 (24)

with: εθ ¼ θ � θ ∗ . This choice takes into account that the error decreases expo-
nentially after reaching the sliding surface. In fact, if Sθ ¼ 0, for t≥ t0, we have:
εθ tð Þ ¼ εθ t0ð Þ þ _εθ t0ð Þ þ λ1εθ t0ð Þ½ � t� t0ð Þf ge�λ1 t�t0ð Þ.

In this case, function h Xð Þ is expressed as:

h Xð Þ ¼ 1
J
Tem þ 2λ1Ωm þ λ21θ �

Kl

J
sin θ (25)

To remain the state of the system on the sliding surface Sθ ¼ 0, we have: _Sθ ¼ 0.
This leads to:

_Sθ ¼ d3εθ
dt3

þ 2λ1
d2εθ
dt2

þ λ21
dεθ
dt

¼ 0 (26)

That is to say:

_Sθ ¼ 1
J

� 1
τ
Tem þ A

τ
U

� �
þ 2λ1

1
J
Tem � Kl

J
sin θ

� �
þ λ21 �

Kl

J
cos θ

� �
Ωm � h1 X ∗ð Þ _X ∗

¼ 0

(27)

where:

h1 X ∗ð Þ _X ∗ ¼ €Ω ∗
m þ 2λ1 _Ω

∗
m þ λ21 _θ

∗
� �

(28)

Then, it is easy to express the so-called equivalent control which corresponds to
the required control remaining the system on the sliding surface:

Ueq,θ ¼ 1
A
Tem � 2

λ1T

A
Tem � Kl sin θð Þ � Jτ

A
λ21Ωm þ τKl

A
Ωm cos θ þ Jτ

A
h1 X ∗ð Þ _X ∗

(29)

Then, the slip angular reference speed ωr can be expressed by:

ωr ¼ Ueq,θ � U0,θsign Sθð Þ (30)

The new structure of this control approach is given by the block diagram of
Figure 10.

3.6 SM controllers with adaptive parameters estimation

If system (14) depends on an unknown parameter vector γ ¼ γ1 γ2 … :½ �T, the
expression of the control depends on γ, that is to say: Ueq ¼ Ueq γð Þ and the applied
control law becomes:

U ¼ Ueq þ ΔU (31)
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where Ueq ¼ Ueq γð Þ. γ is the estimated vector of γ.
Referring to Eq. (17), the differential of S is expressed as:

_S ¼ F X,X ∗ð Þ þ G Xð ÞU ¼ F X,X ∗ð Þ þG Xð Þ Ueq þ ΔU
� �

¼ F X,X ∗ð Þ þ G Xð ÞUeq|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
¼0

þ G Xð ÞΔU þ G Xð Þ Ueq � Ueq
� �

¼ G Xð ÞΔU þG Xð Þ Ueq �Ueq
� �

¼ G Xð ÞΔU þG Xð Þ Ueq �Ueq
� �þ G Xð Þ � G Xð Þ

h i
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

¼o Δγð Þ

Ueq �Ueq
� �
|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

¼o Δγð Þ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

¼o Δγð Þ2

¼ G Xð ÞΔU þG Xð Þ Σi
∂Ueq

∂γi
γð ÞΔγi

� �
þ o Δγð Þ2

¼ G Xð ÞΔU þG Xð Þ Σi
∂Ueq

∂γi
γð ÞΔγi

� �
þ G Xð Þ � G Xð Þ
h i

ΔU þ o Δγð Þ2

¼ G Xð ÞΔU þG Xð Þ Σi
∂Ueq

∂γi
γð ÞΔγi

� �
þ G Xð Þ � G Xð Þ
h i

ΔU þ o Δγð Þ2

¼ G Xð ÞΔU þ
X

i
G Xð Þ ∂Ueq

∂γi
γð Þ þ ∂G Xð Þ

∂γi
ΔU

� �
Δγi

� �
þ o Δγð Þ2

(32)

with Δγ ¼ γ � γ and G Xð Þ is the expression of G Xð Þ for γ ¼ γ.

Figure 10.
Induction motor position regulation based on the DTC-SVM with sliding mode controllers.
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• Theorem

Control laws (17), (19) and (20) stabilize system (15) with the following
adaptive laws:

_γi ¼ �ηiS
T G Xð Þ ∂Ueq

∂γi
γð Þ þ ∂G Xð Þ

∂γi
ΔU

� �
(33)

• Proof

Let us consider the following Lyapunov function:

V ¼ 1
2
STSþ 1

2

X
i

1
ηi
Δγ2i (34)

In the following, it assumed that vector γ is constant or it has slow variations
with respect to time, in such away that we can neglect its differential with.

respect to time: _γ ≃0. Then, we can write: Δ _γ ≃ _γ.
The differential with respect to time of function V is expressed as:

_V ¼ sT _Sþ Σi
1
ηi
ΔγiΔ _γi

¼ ST G Xð ÞΔU þ Σi G Xð Þ ∂Ueq

∂γi
γð Þ þ ∂g Xð Þ

∂γi
ΔU

� �
Δγi

� �
þ o Δγð Þ2

� �

þΣi
1
ηi
ΔγiΔ _γi þ o Δγð Þ2

¼ STG Xð ÞΔU þ Σi ST G Xð Þ ∂Ueq

∂γi
γð Þ þ ∂G Xð Þ

∂γi
ΔU

� �
þ 1
ηi
Δ _γi

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
¼0

Δγi þ o Δγð Þ2

¼ STG Xð ÞΔU þ o Δγð Þ2 ¼ �STG Xð Þsign G
T
Xð ÞS Xð Þ

h i
þ o Δγð Þ2

¼ � G
τ
Xð ÞS Xð Þ

���
���
1
þ o Δγð Þ2 ≤0

(35)

where �k k1 is the norm “1” of a vector which corresponds to the sum of absolute
values of its components.

3.6.1 Position adaptive SM controller with variations on the mutual inductance and the
rotor resistance

The sensitivity of the DTC-SVM to (i) variations on the magnetic permeability
of the stator and rotor cores, and (ii) variations on the rotor resistance, which can
vary with time and operating conditions, can be removed by an online estimation of
the mutual inductance and the rotor resistance. The adaptive SM of the speed can be
derived based on the mutual inductance and rotor resistance estimations using the
Lyapunov theorem [17].

It is easy to show that:

Uθ ¼ Ueq,θ �U0,θ sign SΩð Þ (36)
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with Δγ ¼ γ � γ and G Xð Þ is the expression of G Xð Þ for γ ¼ γ.
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respect to time: _γ ≃0. Then, we can write: Δ _γ ≃ _γ.
The differential with respect to time of function V is expressed as:
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1
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Δγi þ o Δγð Þ2

¼ STG Xð ÞΔU þ o Δγð Þ2 ¼ �STG Xð Þsign G
T
Xð ÞS Xð Þ

h i
þ o Δγð Þ2

¼ � G
τ
Xð ÞS Xð Þ

���
���
1
þ o Δγð Þ2 ≤0

(35)

where �k k1 is the norm “1” of a vector which corresponds to the sum of absolute
values of its components.

3.6.1 Position adaptive SM controller with variations on the mutual inductance and the
rotor resistance

The sensitivity of the DTC-SVM to (i) variations on the magnetic permeability
of the stator and rotor cores, and (ii) variations on the rotor resistance, which can
vary with time and operating conditions, can be removed by an online estimation of
the mutual inductance and the rotor resistance. The adaptive SM of the speed can be
derived based on the mutual inductance and rotor resistance estimations using the
Lyapunov theorem [17].

It is easy to show that:

Uθ ¼ Ueq,θ �U0,θ sign SΩð Þ (36)
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where:

Ueq,θ ¼ � G Xð Þ
h i�1

F X,X ∗ð Þ (37)

Then:

_Sθ ¼ F X,X ∗ð Þ þ G Xð ÞUθ ¼ F X,X ∗ð Þ þG Xð Þ Ueq,θ þ ΔUθ

� �

¼ F X,X ∗ð Þ þ G Xð ÞUeq,θ þG Xð ÞΔUθ þG Xð Þ Ueq,θ �Ueq,θ
� �

¼ G Xð ÞΔUθ þG Xð Þ Ueq,θ �Ueq,θ
� �

(38)

• Corollary

The following slip angular reference speed control law stabilizes the speed loop:

ωr ¼ Ueq,θ � U0,θ sign SΩð Þ (39)

where Ueq,θ ¼ Ueq,θ M,Rr
� �

,M and Rr are estimator values of the mutual
inductance and the rotor resistance given by the following updating laws:

_M ¼ �ηθ1G Sθ
∂Ueq,θ

∂M

� �

_Rr ¼ �ηθ2G Sθ
∂Ueq,θ

∂R

� � (40)

with: ηθ1 and ηθ2 positive scalars, G ¼ G M,Rrð Þ and G ¼ G M,Rr
� �

defined in
Eq. (17).

• Proof

Considering the following function:

Vθ ¼ 1
2
S2θ þ

1
2ηθ1

ΔM2 þ 1
2ηθ2

ΔR2
r (41)

with ΔM ¼ M�M and ΔRr ¼ Rr � Rr.
The time derivative of the Lyapunov function can be expressed as:

_Vθ ¼ Sθ _Sθ þ 1
ηθ1

ΔMΔ _Mþ 1
ηθ2

ΔRrΔ _Rr (42)

However:

Ueq,θ �Ueq,θ ¼ M�M
� � ∂Ueq,θ

∂M

� �
þ Rr � Rr
� � ∂Ueq,θ

∂Rr

� �
þ o ΔM, ΔRrð Þ2 (43)

Moreover:

G Ueq,θ �Ueq,θ
� � ¼ G Ueq,θ � Ueq,θ

� �þ o ΔM, ΔRrð Þ2 (44)
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Thereby, Eq. (42) gives:

_Vθ ¼ �U0,θG Xð Þ∣SΩ∣þ ΔM G
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� �
þ 1
ηθ1

Δ _M
� �
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¼0

þΔRr G
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� �
þ 1
ηθ2
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� �
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¼0

þ o ΔM,ΔRrð Þ2

¼ �U0,θG Xð Þ∣SΩ∣þ o ΔM, ΔRrð Þ2 ≤0

(45)

Since G Xð Þ>0, _Vθ is negative. Then, the system is stable.

3.7 Simulation results investigated SM DTC-SVM approach based position
control

Simulation works have been carried out in order to investigate performances of
the position control of the induction motor drive under the above-presented DTC-
SVM strategies, using PID, PID with a nonlinear compensator and SM controllers.
For the sake of comparison, both strategies have been considered in the same
induction motor drive using the same implementation conditions, such that:

• a reference stator flux Φ ∗
s equal to 1 Wb,

• The modulation period has been fixed to Tmod ¼ 150μs in all DTC-SVM
approaches under study,

• Constants involved in the position SM controller are: U0,θ ¼ 50 and λθ ¼ 100.
The constants involved in the flux SM controller are: U0,ϕ, ¼ 150 and λϕ ¼ 2.

The desired trajectory is defined by smooth variations of the position θ, the
speed Ωm and the torque Cem, leading to:

• variations of θ form �60° (morning panel position) to 30o from 0 s to 1 s,

• constant value of θ equal to 30o from 1 s to 1.5 s.

• variations of θ form 30o to 60o (afternoon panel position) from 1.5 s to 2.5 s,

• constant value of θ equal to 60o from 2.5 s to 4 s.

The analysis of simulation results leads to the following items:

• Figures 11 and 12 present evolutions of the position θ, the speed Ωm, the torque
Cem, the flux ∣Φs∣ and the current ias, using PID controllers (figures indexed by
1), PID controllers with a nonlinear compensator (figures indexed by 2), and
SM controllers (figures indexed by 3). It is well obvious that a good tracking
has been realized by these control approaches. It is also obvious, that there is no
significant difference between results yielded by PID controllers and PID
controllers with a nonlinear compensator. This justifies that the nonlinear term
φ θ, dθ

dt

� �
can be neglected. Moreover, ripples of the torque, the flux and stator

currents are smallest for results given by SM controllers.
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• Figures 13 and 14 present the same variable evolutions for variations of
machine parameters as: þ100% variations on the stator resistance Rs, þ 100%
variations on the rotor resistance Rr and � 50% variations on the mutual
inductance M. It is clear that results, yielded from PID controllers without and
with a nonlinear compensator, present important oscillations. However, SM
controllers with parameter’s updating give same results as in the case where
parameters are known and do not vary.

• Thus, the implementation of the DTC-SVM using sliding mode controllers
strategies highlights high dynamical performances obtained with the lowest
torque ripple, the lowest flux ripple and the lowest current ripple.

3.8 Performance criteria

Considering the same simulation, we propose to use performance criteria
defined in the appendix.

In the following, the steady state operating point is defined by a desired position
θ equal to 60o for the time larger than 2.5 s.

• Total Harmonic Distortion (THD)

The first criterion is the average total harmonic distortion (THD) of the stator
current which is defined in the Appendix.

Figure 11.
Induction motor position regulation considering (subscript “1”) DTC-SVM approach using PI controller,
(subscript “2”) DTC-SVM approach using PI controller with a nonlinear compensator and (subscript “3”)
DTC-SVM approach using sliding mode controllers. Legend: (a) evolution of the position and its reference and
(b) the speed of the motor and its reference.
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Figure 12.
Inductionmotor position regulation considering (1)DTC-SVMapproach using PI controller, (2)DTC-SVM
approach using PI controller with a nonlinear compensator and (3)DTC-SVMapproach using slidingmode
controllers. Legend: (a) evolution of the electromagnetic torque, (b) the stator flux and (c) the stator current of phase a.

Figure 13.
Induction motor position regulation, considering +100% variations on the stator resistance, (1) DTC-SVM
approach using PI controller, (2) DTC-SVM approach using PI controller with a nonlinear compensator and
(3) DTC-SVM approach using sliding mode controllers. Legend: (a) evolution of the position and its reference
and (b) the speed of the motor and its reference.
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Figure 14.
Induction motor position regulation, considering +100% variations on the stator resistance, considering (1)
DTC-SVM approach using PI controller, (2) DTC-SVM approach using PI controller with a nonlinear
compensator and (3) DTC-SVM approach using sliding mode controllers. Legend: (a) evolution of the
electromagnetic torque, (b) the stator flux and (c) the stator current of phase a.

Figure 15.
Spectrum of the current ias. (a) Normalized spectrum, (b) higher harmonics of the spectrum current (c) one
period of the current ias. (subscript “1”) DTC-SVM approach using PI controller, (subscript “2”) DTC-SVM
approach using PI controller with a nonlinear compensator and (subscript “3”) DTC-SVM approach using
sliding mode controllers.
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In this context, the frequency spectrum of the stator current ias has been ana-
lyzed by the observation of amplitudes of all its harmonics frequencies. Figure 15
shows the evolution of one period of ias between 3 s and 4 s, its spectrum (only 20
harmonics has been presented). It is obvious that SM controllers give less ripples of
the stator current.

The total harmonic distorsion criterion of the stator current ias is given by
Table 4 which shows that SM controllers give the lowest criterion.

• Ratio of torque and flux ripples.

The second comparison criterion translates the torque and the flux ripples
around their steady state values ∣Φs∣ ¼ 1 and Tem,mean ¼ Kl sin π

6.
Figure 16 presents the evolution of the torque Tem and the flux ∣Φs∣ from 3 s to

4 s. Computations of flux ripple criteria are given by Table 5, and computations of
torque ripple criteria are given by Table 6. These tables confirm that the PID
controllers without a nonlinear compensator and PID controllers with a nonlinear
compensator give same results. However, SM controllers give less ripples of the flux
and the torque.

PI without a NL compensator PI with a NL Compensator Sliding Mode Controllers

THD (%) 3.07 3.07 1.23

Table 4.
Total harmonic distortion of the stator current ias.

Figure 16.
Zoomed shapes of (a) electromagnetic torque and (b) stator flux. In the case of (subscript “1”) DTC-SVM
approach using PI controller, (subscript “2”) DTC-SVM approach using PI controller with a nonlinear
compensator and (subscript “3”) DTC-SVM approach using sliding mode controllers.
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4. Conclusion

In this chapter, the DTC position control of induction motor controlling photo-
voltaic panel has been considered. This panel is commonly exposed to the sun in
fixed positions corresponding to the maximum sunshine recorded during a day.
Firstly, the DTC-SVM approach using hysteresis controllers has been compared to
the basic DTC strategy and DTC strategy with a look-up table including only active
voltage vectors. Then, the problem of position regulation of an IM under DTC-SVM
approaches has been treated. In fact, a comparison between three DTC-SVM
approaches: a DTC-SVM approach using PI controllers, a DTC-SVM approach using
PI controllers with a nonlinear compensator, and a DTC-SVM approach using
sliding mode controllers, has been proposed. Finally, an adaptation approach of
parameter estimators has been implemented in order to eliminate the effects of
parameter variations and load disturbances. It has been shown through simulations
the sliding mode DTC-SVM approach (i) eliminates the demagnetization effects,
and gives lowest ripples on the torque and on the flux, (ii) presents less harmonic
distortion on the stator currents, and (iii) it presents good performances with a
good robustness with respect to parameter’s variations and load disturbances,
particularly in the case of adapted estimators of machine parameters.

PI without a NL compensator PI with a NL Compensator Sliding Mode
Controllers

ΦRIP,1 (%) 0.38 0.38 0.12

ΦRIP,2 (%) 0.44 0.44 0.15

ΦRIP,∞ (%) 1.26 1.33 0.65

Table 5.
Flux ripple criteria.

PI without a NL compensator PI with a NL Compensator Sliding Mode Controllers

TRIP,1 (%) 1.88 1.86 0.92

TRIP,2 (%) 2.71 2.66 0.62

TRIP,∞ (%) 8.17 8.34 4.65

Table 6.
Torque ripple criteria.
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Chapter 4

Flux Reversal Machine Design
Yuting Gao and Yang Liu

Abstract

Flux reversal permanent magnet machines (FRPMMs) have a simple reluctance
rotor and a stator with armature windings and permanent magnets (PMs). Due to
the high torque density and high efficiency of FRPMMs, they have been widely
used in many applications such as electric vehicle, wind power generation, etc.
However, the general design method of FRPMMs has not been established in books.
Therefore, this chapter will focus on introducing an analytical design method,
which allows for fast design of FRPMMs. First of all, the analytical sizing equations
are deduced based on a magneto motive force (MMF)-permeance model. After
that, the effects of some key performances including average torque, pulsating
torque, power factor, and PM demagnetization are analyzed. Moreover, the feasi-
ble slot-pole combinations are summarized and the corresponding winding type of
each combination is recommended in order to maximize the output torque.
Besides, the detailed geometric design of stator and rotor are presented. Finally,
a case study is presented to help readers better understand the introduced design
methodology.

Keywords: design method, flux reversal permanent magnet machine (FRPMM),
sizing equation, finite element analysis (FEA)

1. Introduction

The topology of FRPMM is depicted in Figure 1. As can be seen, it has a slotted
rotor without any windings or PMs, and a stator with armature windings and PMs
mounted on each stator teeth. First of all, the structural characteristics of FRPMMs
and the corresponding performance advantages need to be explained:

1.FRPMMs are excited by PMs instead of the excitation windings, which are
different with asynchronous motors and brushed DC motors. So, for FRPMMs,
the rotor will not have copper losses, and the efficiency is relatively higher
[1, 2].

2.The rotor of FRPMMs has no windings or permanent magnets, thus is suitable
for high-speed operation and high-temperature operating conditions [3].
Moreover, the no excitation winding will keep away from the problems of
friction noise and electric spark. So, FRPMMs are more reliable and require
less maintenance [4, 5]. In addition, the rotor of FRPMMs is light in weight
and has a small rotational inertia [6]; hence, the acceleration and deceleration
response is faster.
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3.The stator windings of FRPMMs are mostly concentrated windings, which are
easy to manufacture. Moreover, the electromagnetic isolation of the
concentrated windings is better than regular distributed windings, which
means that if one winding has faults, the fault is not likely to spread to other
windings, and thus the fault tolerance is good [7, 8]. In addition, the
concentrated winding has a smaller winding factor, inductance, and a shorter
electrical time constant than the distributed windings [9], and thus the
dynamic response of concentrated winding is faster.

4.Compared to other stator-PM machines, that is, flux switching PM machines
and doubly salient PM machines, FRPMMs have a simpler structure. The PMs
of the flux switching PM machines and doubly salient PM machines are
inserted into the stator core, which is not convenient for installation. In the
flux switching PM machine, putting permanent magnets in the middle of the
teeth will reduce the slot area and affect the output torque. In the doubly
salient PM machine, placing PMs in the yoke will increase the volume of the
motor and reduce the torque density. In the FRPMMs, the PMs are pasted on
the inner surface of the stator teeth, thus eliminating the above problems [10].

Finally, the structural characteristics and performance advantages of the flux-
reverse motor can be summarized in Table 1.

It can be seen that the FRPMMs have many performance advantages, and these
advantages can be utilized in different applications. First of all, the high efficiency,
the large torque density, the rapid acceleration, and deceleration response make
FRPMMs suitable for various high-speed rotation areas, such as electric vehicles
[11–13], electric spindle [14], fans [15, 16], etc. Secondly, the number of rotor pole
pairs is usually high, which is also suitable for low-speed areas, meanwhile its
torque density is high at the low speeds, making FRPMMs suitable for various low-
speed direct-drive occasions [17], for example wind power [18–20], direct drive
servo system [21], wave power generation [22], etc. In addition, linear FRPMM has
no PMs and copper windings in the secondary, which saves cost and is also very
suitable for long rail transit linear motion applications [23, 24].

Figure 1.
Cross section of a FRPMM.
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In most existing literatures, the design of FRPMMs is mainly based on the
classical design method [25] with low accuracy or time-consuming finite element
algorithm (FEA) [26]. Therefore, in this chapter, the specialized sizing equations
for FRPMMs will be deduced and the analytical design method will be introduced,
which can be directly employed in the initial design of FRPMMs and allows for fast
calculations of machine dimensions.

This chapter is organized as follows. First, the structure and operation principles
are introduced in Section 2. Then in Section 3, the magnetic circuit model is built
and the sizing equations are analytically derived. After that, in Section 4, the
influences of several key parameters (slot-pole combination, airgap radius, electric
loading, and equivalent magnetic loading) in the sizing equation on the torque
density are analyzed. Also, the effects of the airgap structural parameters on the
pulsating torque, power factor, and PM demagnetization performances are investi-
gated. Moreover, in Section 5, the geometric design of stator and rotor are intro-
duced. And in Section 6, the design procedure is illustrated. Besides, to make the
analytical design method more readable, a case study is presented and a FRPMM
prototype is tested. Finally, conclusions are drawn in Section 7.

2. Operation principle of FRPMM

To clearly exhibit the operating principle, a three-phase FRPMM with two pole
windings, six stator slots, and eight rotor teeth is cited as an example. The flux
distributions at different rotor positions are illustrated in Figure 2. The magnetic
flux field is excited only by the PMs, and the difference of each rotor movement is
11.25 mech. degrees (i.e., 1/4 rotor slot pitch). Taking flux linkage of phase A
winding as an example, when the rotor position is 0 degree, the flux linkage is 0;
when the rotor position is 11.25 mech. degree (90 elec. degree), the flux linkage
reaches the positive maximum value; when the rotor position is 22.5 mech. degree
(180 elec. degree), the flux linkage is 0; when the rotor position is 33.75 mech.
degree (270 elec. degree), the flux linkage reaches the negative maximum value.
Therefore, in the duration of one rotor slot pitch (360 elec. degrees), the winding
flux linkage reverses the polarity, thus it is called “flux reversal machine.” Then,

No. Structural
characteristic

Advantages

1 Use rare-earth PMs 1.No excitation loss, high motor efficiency;
2.Rare-earth with high-magnetic energy product increases torque
density

2 No windings or PMs in
the rotor

1. Simple rotor structure, suitable for high-speed operation and high
temperature conditions;

2.Avoids mechanical friction and electric sparks caused by
commutators and brushes, thus improving the reliability;

3. Small rotational inertia, thus fast acceleration and deceleration
response

3 Often use concentrated
windings

1.Good fault tolerance and high reliability;
2.Easy processing and manufacturing;
3. Small inductance and electrical time constant

4 PMs attached to the
stator teeth surface

1.Easy to install
2.No reduction in the slot area or increase in the motor volume

Table 1.
Structural characteristics and corresponding advantages of FRPMM.
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after obtaining the bipolar flux linkage, as shown in Figure 3, the winding can
produce a bipolar back-electromagnetic motive force (EMF). If the armature wind-
ings are injected with currents having the same frequency and phase with the back-
EMF, a steady torque can be yielded.

Figure 2.
No-load flux lines of the FRPMM excited by the PMs: (a) rotor position =0 elec. degree; (b) rotor position =90
elec. degree; (c) rotor position =180 elec. degree; (d) rotor position =270 elec. degree.

Figure 3.
Variation of flux linkage of phase a winding at different rotor positions.
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3. Sizing equation of FRPMM

3.1 Magnetic circuit model

In order to derive the sizing equation of FRPMMs, the magnetic circuit model
should be built at first; then, based on the model, the analytical equations of airgap
flux density, back-EMF, and torque will be deduced.

The equivalent magnetic circuit model can be plotted as Figure 4. At No.1 stator
tooth, its magnetic field distribution corresponds to the position shown in Figure 2(b),
that is, the rotor tooth is closer to the S-pole magnet. The S-pole magnetic generates
two paths of magnetic flux, one is pole leakage flux Φpl, which goes through the
adjacent N-pole magnet, the other is main flux Φm, which goes through the stator
tooth, stator yoke, rotor tooth, and rotor yoke, thus can provide winding flux
linkage and back-EMF. At No. 2 stator tooth, its magnetic field distribution corre-
sponds to the position shown in Figure 2(c), that is, the rotor axis is at the same
distance from the S-pole and N-pole magnets. Thus, at this time, the two magnets
can only generate one magnetic flux path, that is, the pole leakage flux Φpl. At No. 3
stator tooth, its magnetic field distribution corresponds to the position shown in
Figure 2(d), that is, the rotor tooth is closer to the N-pole magnet. The N-pole
magnetic generates two paths of magnetic flux, one is pole leakage flux Φpl, which
goes through the adjacent S-pole magnet, the other is main flux Φm, which goes
through the stator tooth, stator yoke, rotor tooth, and rotor yoke, thus can provide
winding flux linkage and back-EMF. It should be noted that the magnetic flux path
of No. 1 stator tooth is just opposite to that of No. 3 stator tooth, so winding flux
polarity in these two cases is just opposite to each other.

As mentioned above, Figure 4 provides the magnetic circuit of FRPMMs, which
can help analyze the flux distribution of FRPMMs at different rotor positions.
However, the magnetic circuit requires the establishment of the whole FRPMM

Figure 4.
Equivalent magnetic model of FRPMMs.
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However, the magnetic circuit requires the establishment of the whole FRPMM

Figure 4.
Equivalent magnetic model of FRPMMs.
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magnetic path, which is rather complex. Besides, the pole leakage flux, main flux,
and the reluctance at each rotor positions should be calculated, which needs high
workload. Therefore, a simplified magnetic circuit should be built. Observing
Figure 2, it can be seen that a small rotor displacement brings a large rotation in
stator flux field. This phenomenon is called as flux modulation effect, i.e. a high-
pole slow-speed magnetic field becomes a low-pole high-speed magnetic field
through the modulation effect of iron teeth. Therefore, the physical nature of
FRPMM is indeed the flux modulation effect. The research of some flux modulation
machines are usually based on the PM magnetic motive force (MMF)-airgap
permeance model, such as the Vernier machine in [27]. So, this chapter will use this
model to analyze FRPMMs.

In PM MMF-airgap permeance model, the no-load airgap flux density B(θs,θ)
can be written as the product of PM MMF FPM(θs) and specific airgap permeance
Λ(θs,θ):

B θs, θð Þ ¼ FPM θsð ÞΛ θs, θð Þ (1)

where the definitions of angles θs and θ are shown in Figure 5. Then, the
simplified magnetic circuit model can be given in Figure 6. Once knowing the PM

Figure 5.
Definitions of different angles in FRPMM.

Figure 6.
Simplified equivalent magnetic model of FRPMMs.
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MMF and airgap permeance, the no-load airgap flux density can be obtained. Then,
the stator flux linkage λph(θ) can be deduced using winding function theory:

λph θð Þ ¼ rglstk

ð2π
0
B θs, θð ÞN θsð Þdθs (2)

where N(θs) is the phase winding function. After that, the phase back-EMF
Eph(t) and average torque Te can be calculated as:

Eph tð Þ ¼ dλph θð Þ
dt

(3)

Te ¼ 3
2
EphIph (4)

where Iph is the peak value of phase current. Therefore, from Eqs. (1–4), it can
be found that if the torque equation need to be calculated, the key is to obtain the
equation of airgap flux density B(θs,θ), which is further determined by the PM
MMF FPM(θs) and specific airgap permeance Λ(θs,θ). Therefore, in the next parts,
the equations of the PMMMF FPM(θs) and specific airgap permeance Λ(θs,θ) will be
deduced in detail.

3.2 Airgap flux density equation

As aforementioned, to derive the torque equation, the no-load airgap flux den-
sity B(θs,θ) should firstly be known, whose equation can be given as Eq. (1). Then,
the next step is to derive the expressions of FPM(θs) and Λ(θs,θ). The PM MMF
waveform excited by the magnets is shown in Figure 7, which can be given as:

FPM θsð Þ ¼

FC; 0≤ θs < 1� SOð Þπ=Zs

0 ; 1� SOð Þπ=Zs ≤ θs < 1þ SOð Þπ=Zs

FC ; 1þ SOð Þπ=Zs ≤ θs < 2π=Zs

�FC ; 2π=Zs ≤ θs < 3� SOð Þπ=Zs

0 ; 3� SOð Þπ=Zs ≤ θs < 3þ SOð Þπ=Zs

�FC ; 3þ SOð Þπ=Zs ≤ θs <4π=Zs

8>>>>>>>><
>>>>>>>>:

(5)

Figure 7.
Magnet MMF waveform.
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MMF and airgap permeance, the no-load airgap flux density can be obtained. Then,
the stator flux linkage λph(θ) can be deduced using winding function theory:

λph θð Þ ¼ rglstk

ð2π
0
B θs, θð ÞN θsð Þdθs (2)
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3.2 Airgap flux density equation

As aforementioned, to derive the torque equation, the no-load airgap flux den-
sity B(θs,θ) should firstly be known, whose equation can be given as Eq. (1). Then,
the next step is to derive the expressions of FPM(θs) and Λ(θs,θ). The PM MMF
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where FC is:

FC ¼ Brhm
μrμ0

(6)

Then, it can be written in Fourier series as follows:

FPM θsð Þ ¼
X∞

i¼1, 3, 5

Fi sin
iZs

2
θs

� �
(7)

where the magnitude Fi is

Fi ¼ 4
π

1
i
Brhm
μ0μr

1þ �1ð Þiþ1
2 sin

iπ
2
SO

� �� �
(8)

Then, the next step is to derive the specific airgap permeance Λ(θs,θ) in Eq. (1).
Since the stator slotting effect has already been considered in Eqs. (5–8), the specific
airgap permeance Λ(θs,θ) can be replaced by the airgap permeance with smoothed
stator and slotted rotor Λr(θs,θ). The model of smoothed stator and slotted rotor is
shown in Figure 8. Then, the Λr(θs,θ) can be expressed by:

Λr θs, θð Þ≈Λ0r þ Λ1r cos Zr θs � θð Þ½ � (9)

The coefficients of the airgap permeance function Λ0r and Λ1r in Eq. (9) can be
obtained using the conformal mapping method [28, 29]:

Λ0r ¼ μ0
g0

1� 1:6β
bo
t

� �
(10)

g0 ¼ g þ hm=μr (11)

Λ1r ¼ μ0
g0

4
π
β 0:5þ bo=tð Þ2

0:78125� 2 bo=tð Þ2
" #

sin 1:6π
bo
t

� �
(12)

β ¼ 0:5� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ bo

2t
t
g0

� �2r (13)

Figure 8.
Schematic of single-side salient structure on rotor.
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where bo is the rotor slot opening width and t is the rotor slot pitch, as shown in
Figure 8. Combining Eq. (1), Eqs. (5–13), the no-load airgap flux density B(θs,θ)
can be finally calculated as:

B θs, θð Þ ¼
X∞
i¼1, 3

Bi sin
iZs

2
� Zr

� �
θs � Zrθ

� �
(14)

where the magnitude Bi is

Bi ¼ 1
2
FiΛ1r, i ¼ 1, 3, 5… (15)

3.3 Slot-pole combinations

As can be seen in Eq. (14), the number of pole pairs in the air gap flux density is
iZs/2 � Zr, i = 1,3,5… Then, in order to make the flux density induce EMF in the
armature windings, the pole pair number of the armature windings P should be
equal to iZs/2 � Zr, i = 1,3,5… Besides, for three phase symmetry, the winding pole
pair number must also meet the following requirement:

Zs

GCD Zs,Pð Þ ¼ 3k, k ¼ 1, 2, 3… (16)

All in all, the slot-pole combination of three-phase FRPMMs is ruled by the
following equation:

P ¼ min P ¼ iZs

2
� Zr;

Zs

GCD Zs,Pð Þ ¼ 3k
� �

i ¼ 1, 3, 5… k ¼ 1, 2, 3…
(17)

where min means to select the minimum number of these qualified harmonic
orders so as to obtain a maximal pole ratio of FRPMMs. Therefore, the feasible slot-
pole combinations can be summarized as Table 2. Non-overlapping windings (i.e.,
concentrated windings) are usually used in FRPMMs because of the higher fault
tolerance and easier manufacture than regular overlapping windings. However,
some FRPMMs are suggested to employ overlapping windings in order to have a
larger winding factor and thus a higher torque density. Therefore, both winding
factors, that is, kwn (using non-overlapping winding) and kwr (using overlapping
winding) are calculated for each FRPMM so as to see the difference of using
different winding types.

3.4 Torque equation

Once the stator winding pole pair is selected, the stator flux linkage can be
deduced using winding function theory, just as mentioned in Eq. (2). The winding
function N(θs) in Eq. (2) can be written as:

N θsð Þ ¼
X∞

i¼1, 3, 5

Ni cos iPθsð Þ (18)

Ni ¼ 2
iπ

Ns

P
kwi (19)
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where bo is the rotor slot opening width and t is the rotor slot pitch, as shown in
Figure 8. Combining Eq. (1), Eqs. (5–13), the no-load airgap flux density B(θs,θ)
can be finally calculated as:

B θs, θð Þ ¼
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i¼1, 3

Bi sin
iZs

2
� Zr
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θs � Zrθ
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(14)

where the magnitude Bi is

Bi ¼ 1
2
FiΛ1r, i ¼ 1, 3, 5… (15)

3.3 Slot-pole combinations

As can be seen in Eq. (14), the number of pole pairs in the air gap flux density is
iZs/2 � Zr, i = 1,3,5… Then, in order to make the flux density induce EMF in the
armature windings, the pole pair number of the armature windings P should be
equal to iZs/2 � Zr, i = 1,3,5… Besides, for three phase symmetry, the winding pole
pair number must also meet the following requirement:
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GCD Zs,Pð Þ ¼ 3k, k ¼ 1, 2, 3… (16)

All in all, the slot-pole combination of three-phase FRPMMs is ruled by the
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(17)

where min means to select the minimum number of these qualified harmonic
orders so as to obtain a maximal pole ratio of FRPMMs. Therefore, the feasible slot-
pole combinations can be summarized as Table 2. Non-overlapping windings (i.e.,
concentrated windings) are usually used in FRPMMs because of the higher fault
tolerance and easier manufacture than regular overlapping windings. However,
some FRPMMs are suggested to employ overlapping windings in order to have a
larger winding factor and thus a higher torque density. Therefore, both winding
factors, that is, kwn (using non-overlapping winding) and kwr (using overlapping
winding) are calculated for each FRPMM so as to see the difference of using
different winding types.

3.4 Torque equation

Once the stator winding pole pair is selected, the stator flux linkage can be
deduced using winding function theory, just as mentioned in Eq. (2). The winding
function N(θs) in Eq. (2) can be written as:
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where Ni is the ith harmonics of the winding function and kwi is the winding
factor of the ith harmonics. As can be seen in Eq. (17), the pole pair number is
iZs/2 � Zr (i = 1,3,5… ). So, the sum or difference of any two pole pair harmonics Pi1
and Pi2 is a multiple of stator slot number, that is,

Pi1 ¼ i1Zs=2� Zr

Pi2 ¼ i2Zs=2� Zr

Pi1 � Pi2j j ¼ kZs, k ¼ 1, 2, 3…

8><
>:

(20)

Therefore, all the flux density harmonics are tooth harmonics of each other, that
is, they have the same absolute values of winding factors, and their absolute wind-
ing factor equals the fundamental winding factor kw1:

kwPi1j j ¼ kwPi2j j ¼ kw1 (21)

Then, combining Eq. (2), Eq. (3), Eqs. (18–21), the back-EMF can be finally
obtained as:

Eph ¼ 2ωmrglstkNsZrkw1
X∞
i¼1

sgn ∗
Bi

iZs
2 � Zr
� �

=P
(22)

where

sgn ¼ 1,winding factor of iZs=2� Zrð Þth harmonic equals kw1
�1,winding factor of iZs=2� Zrð Þth harmonic equals� kw1

(
(23)

Since the reluctance torque of FRPMM is negligible, the electromagnetic torque
under id = 0 control can be expressed as Eq. (4). Then, combining Eq. (4) and
Eq. (22), the average torque Te is able to be calculated as:

Te ¼ 3IphrglstkNsZrkw1
X∞
i¼1

sgn ∗
Bi

iZs
2 � Zr
� �

=P
(24)

So far, the general torque equation has been obtained as Eq. (24), but in this
equation, some parameters such as Bi, Iph cannot be determined in the initial design
stage of FRPMMs, so it is desirable that Eq. (24) can be transformed to a combina-
tion of several basic parameters, such as electric loading, magnetic loading, which
can be easily determined in the initial design stage.

As known for electrical machines, the electric loading Ae can be written as:

Ae ¼
6NsIph
2
ffiffiffi
2

p
πrg

(25)

Then, the equivalent magnetic loading of three-phase FRPMM Bm is defined as:

Bm ¼
X∞
i¼1

sgn ∗
Bi

iZs
2 � Zr
� �

=P
(26)

So, the torque expression in Eq. (24) can be rewritten as:

Te ¼
ffiffiffi
2

p
πr2g lstkkwZrAeBm (27)
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where Ni is the ith harmonics of the winding function and kwi is the winding
factor of the ith harmonics. As can be seen in Eq. (17), the pole pair number is
iZs/2 � Zr (i = 1,3,5… ). So, the sum or difference of any two pole pair harmonics Pi1
and Pi2 is a multiple of stator slot number, that is,

Pi1 ¼ i1Zs=2� Zr

Pi2 ¼ i2Zs=2� Zr

Pi1 � Pi2j j ¼ kZs, k ¼ 1, 2, 3…

8><
>:

(20)

Therefore, all the flux density harmonics are tooth harmonics of each other, that
is, they have the same absolute values of winding factors, and their absolute wind-
ing factor equals the fundamental winding factor kw1:

kwPi1j j ¼ kwPi2j j ¼ kw1 (21)

Then, combining Eq. (2), Eq. (3), Eqs. (18–21), the back-EMF can be finally
obtained as:

Eph ¼ 2ωmrglstkNsZrkw1
X∞
i¼1

sgn ∗
Bi

iZs
2 � Zr
� �

=P
(22)

where

sgn ¼ 1,winding factor of iZs=2� Zrð Þth harmonic equals kw1
�1,winding factor of iZs=2� Zrð Þth harmonic equals� kw1

(
(23)

Since the reluctance torque of FRPMM is negligible, the electromagnetic torque
under id = 0 control can be expressed as Eq. (4). Then, combining Eq. (4) and
Eq. (22), the average torque Te is able to be calculated as:

Te ¼ 3IphrglstkNsZrkw1
X∞
i¼1

sgn ∗
Bi

iZs
2 � Zr
� �

=P
(24)

So far, the general torque equation has been obtained as Eq. (24), but in this
equation, some parameters such as Bi, Iph cannot be determined in the initial design
stage of FRPMMs, so it is desirable that Eq. (24) can be transformed to a combina-
tion of several basic parameters, such as electric loading, magnetic loading, which
can be easily determined in the initial design stage.

As known for electrical machines, the electric loading Ae can be written as:

Ae ¼
6NsIph
2
ffiffiffi
2

p
πrg

(25)

Then, the equivalent magnetic loading of three-phase FRPMM Bm is defined as:

Bm ¼
X∞
i¼1

sgn ∗
Bi

iZs
2 � Zr
� �

=P
(26)

So, the torque expression in Eq. (24) can be rewritten as:

Te ¼
ffiffiffi
2

p
πr2g lstkkwZrAeBm (27)

77

Flux Reversal Machine Design
DOI: http://dx.doi.org/10.5772/intechopen.92428



Thus, the rotor volume Vr, which equals πlstkr
2g, can be obtained:

Vr ¼ Teffiffiffi
2

p
kwZrAeBm

(28)

and then the airgap radius rg and the stack length lstk can be derived as:

rg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vr= πklrð Þ3

p
(29)

lstk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vrk

2
lr=π

3
q

(30)

where klr is the aspect ratio, equals to the ratio of rg to lstk. It can be found in
Eq. (27) that the key parameters affecting the torque density are the airgap radius
rg, stack length lstk, winding factor kw, rotor slot number Zr, electric loading Ae, and
equivalent magnetic loading Bm, among which the stack length lstk can be deter-
mined by the volume requirement, and winding factor kw is approximate to 1. So,
the remaining parameters rg, Zr, Ae, Bm should be determined at the initial stage of
the design process. Thus, the influences of the above key parameters on important
performances, such as average torque, pulsating torque, power factor, PM demag-
netization performance, will be investigated in the following parts.

4. Influence of design parameters on key performances

4.1 Average torque performances

4.1.1 Influence of slot-pole combinations on average torque

As aforementioned, the rotor slot number Zr is one of key parameters that
should be determined in the first design stage. How to determine the rotor slot
number is a question. In this part, the influence of Zr on the torque performance will
be investigated, giving instruction on how to select Zr. The parameters of the
FRPMM models are listed in Table 3. These parameters are kept the same for the
FRPMMs in order to have a reasonable comparison of their torque performance.
That is to say, the airgap radius rg, stack length lstk, and electric loading Ae are the
same.

Figure 9 shows the influence of rotor slot number on the output torque when
non-overlapping windings and recommended windings are used respectively. For
Figure 9(a), when non-overlapping windings are adopted, the average torque is
mainly related to the product of winding factor and rotor slot number, that is,

Parameter Value Parameter Value

Stator outer diameter 170 mm Stator inner diameter 105 m

Stator slot opening ratio 0.25 Remanent permeability 1.065

Stack length 100 mm PM thickness 2.5 mm

Series turns per phase 80 Airgap length 0.5 mm

Rotor slot opening ratio 0.65 Rated current 5.3A

Rated speed 600 rpm Magnet remanence 1.21 T

Table 3.
Parameters of the three-phase FRPMM models.
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kw*Zr*Bm. Since the machine volume and PM usage are kept the same, the equiva-
lent magnet loading Bm is mainly determined by the pole ratio (PR). So, the varia-
tion trend of torque is similar to that of kw*Zr*PR. It can be seen that the torque
achieves the maximum value when the rotor slot number is 8, 14, and 21 for 6 stator
slots, 12 stator slots, and 18 stator slots, respectively. When the recommend wind-
ings are used, which means that the winding factor are maximized, the main factor
that affects the torque is the Zr*PR. As shown in Table 2, the variation of PR is
irregular, hence the variation of torque with rotor slot number is irregular. As can
be seen, for recommended winding types, the torque achieves the maximal value
when the rotor slot number is 8, 10 and 17 for 6 stator slots, 12 stator slots, and 18
stator slots, respectively.

4.1.2 Influence of airgap radius on average torque

As shown in Eq. (27), the airgap radius rg is also very important for the output
torque. Figure 10 investigates the effect of optimal rotor slot number Zr at different
rg. For 6, 12, 18 stator slots, their rotor slot numbers are selected as 8, 14, and 21,

Figure 9.
Effect of combinations of stator slots and rotor slots on torque: (a) non-overlapping windings; (b) recommended
windings.

Figure 10.
Effect of rg on optimal Zr when split ratio is 0.6.
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Thus, the rotor volume Vr, which equals πlstkr
2g, can be obtained:

Vr ¼ Teffiffiffi
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p
kwZrAeBm

(28)

and then the airgap radius rg and the stack length lstk can be derived as:
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p
(29)
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Vrk
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3
q
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where klr is the aspect ratio, equals to the ratio of rg to lstk. It can be found in
Eq. (27) that the key parameters affecting the torque density are the airgap radius
rg, stack length lstk, winding factor kw, rotor slot number Zr, electric loading Ae, and
equivalent magnetic loading Bm, among which the stack length lstk can be deter-
mined by the volume requirement, and winding factor kw is approximate to 1. So,
the remaining parameters rg, Zr, Ae, Bm should be determined at the initial stage of
the design process. Thus, the influences of the above key parameters on important
performances, such as average torque, pulsating torque, power factor, PM demag-
netization performance, will be investigated in the following parts.

4. Influence of design parameters on key performances

4.1 Average torque performances

4.1.1 Influence of slot-pole combinations on average torque

As aforementioned, the rotor slot number Zr is one of key parameters that
should be determined in the first design stage. How to determine the rotor slot
number is a question. In this part, the influence of Zr on the torque performance will
be investigated, giving instruction on how to select Zr. The parameters of the
FRPMM models are listed in Table 3. These parameters are kept the same for the
FRPMMs in order to have a reasonable comparison of their torque performance.
That is to say, the airgap radius rg, stack length lstk, and electric loading Ae are the
same.

Figure 9 shows the influence of rotor slot number on the output torque when
non-overlapping windings and recommended windings are used respectively. For
Figure 9(a), when non-overlapping windings are adopted, the average torque is
mainly related to the product of winding factor and rotor slot number, that is,

Parameter Value Parameter Value

Stator outer diameter 170 mm Stator inner diameter 105 m

Stator slot opening ratio 0.25 Remanent permeability 1.065

Stack length 100 mm PM thickness 2.5 mm

Series turns per phase 80 Airgap length 0.5 mm

Rotor slot opening ratio 0.65 Rated current 5.3A

Rated speed 600 rpm Magnet remanence 1.21 T

Table 3.
Parameters of the three-phase FRPMM models.
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kw*Zr*Bm. Since the machine volume and PM usage are kept the same, the equiva-
lent magnet loading Bm is mainly determined by the pole ratio (PR). So, the varia-
tion trend of torque is similar to that of kw*Zr*PR. It can be seen that the torque
achieves the maximum value when the rotor slot number is 8, 14, and 21 for 6 stator
slots, 12 stator slots, and 18 stator slots, respectively. When the recommend wind-
ings are used, which means that the winding factor are maximized, the main factor
that affects the torque is the Zr*PR. As shown in Table 2, the variation of PR is
irregular, hence the variation of torque with rotor slot number is irregular. As can
be seen, for recommended winding types, the torque achieves the maximal value
when the rotor slot number is 8, 10 and 17 for 6 stator slots, 12 stator slots, and 18
stator slots, respectively.

4.1.2 Influence of airgap radius on average torque

As shown in Eq. (27), the airgap radius rg is also very important for the output
torque. Figure 10 investigates the effect of optimal rotor slot number Zr at different
rg. For 6, 12, 18 stator slots, their rotor slot numbers are selected as 8, 14, and 21,

Figure 9.
Effect of combinations of stator slots and rotor slots on torque: (a) non-overlapping windings; (b) recommended
windings.

Figure 10.
Effect of rg on optimal Zr when split ratio is 0.6.
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respectively. Moreover, non-overlapping windings are used in these models because
non-overlapping winding is simple and has the same end winding length. It can be
seen that when the airgap radius is small, the optimal rotor slot number is small.
This is because when the airgap radius is small, the leakage flux between adjacent
rotor teeth occupies a large percent, so the optimal rotor slot number should be
small to reduce the leakage flux as much as possible. When the airgap radius gets
larger and larger, the leakage flux decreases gradually. Hence, the optimal rotor slot
number increases.

Then, keeping the stator outer diameter as a constant, that is, 170 mm, the
effects of airgap radius of average torque are analyzed in Figure 11. It indicates that
when the airgap radius increases, the output torque goes up. This is because the
torque is proportional to the square of airgap radius. The larger the airgap radius,
the higher the torque. However, the torque is not only influenced by the airgap
radius, but also the electric loading Ae. With the increase of airgap radius, the inner
diameter of the stator increases, and thus the slot area decreases, leading to the
decrease of winding turns per slot and the electric loading. Therefore, as the airgap
radius keeps increasing, the output torque decreases afterwards.

4.1.3 Influence of magnetic loading and equivalent electric loading on average torque

In addition to the rotor slot number Zr, airgap radius rg, the rest of key parame-
ters affecting the torque in Eq. (27) are the electric loading Ae and the equivalent
magnetic loading Bm. Figure 12 analyzes the influence of Ae and Bm on the average
torque at different stator slot number. For these models, the airgap radius is fixed as
55 mm and their rotor slot number is chosen as their corresponding optimal value.
Also, non-overlapping windings are adopted. As can be seen, the output torque
increases with the electric loading. This reason is very simple, that is, a larger
current, a higher torque. But for the equivalent magnetic loading, the variation
trend of torque does not monotonically increase with the equivalent magnetic
loading. This is due to the saturation effect of the iron core. Moreover, it can be seen
that the knee point of the equivalent magnet loading increases with the stator slot
number. Since the winding pole pair of the 18-stator-slot FRPMM is 6, which is
larger than 1-winding-pole-pair of the 6-stator-slot and 4-winding-pole-pair of the

Figure 11.
Effect of rg on torque when stator outer diameter is 170 mm.
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12-stator-slot FRPMM, the stator iron of the 18-stator-slot FRPMM is less likely to
saturate than the others.

4.2 Pulsating torque performances

4.2.1 Influence of slot-pole combinations on pulsating torque

Apart from the torque density, pulsating torque is also very important because a
large pulsating torque will increase the vibration and noise of machines. Figure 13
shows the cogging torque and ripple torque waveforms of 13-, 14-, 16-, 17-, and
19-rotor-slot FRPMMs. The stator slot number of these models is all chosen as 12.
For the rated torque, we can see in Figure 13(b) that the 14-rotor-slot FRPMM
yields the largest among the five models. As for the pulsating torque, we can see
that the cogging torque and ripple torque of 16-rotor-slot FRPMM are the largest,
and that of 19-rotor-slot FRPMM is the least. This phenomenon is related to the
least common multiple of stator slot number and rotor slot number. The larger least
common multiple, the lower pulsating torque. The least common multiples of the
13-, 14-, 16-, 17-, and 19-rotor-slot FRPMMs are 156, 84, 48, 204, and 228, respec-
tively. Therefore, the 19-rotor-slot FRPMM exhibit the lowest cogging torque and
ripple torque. However, attentions should be paid to use odd rotor number because
it will cause other problems such as eccentricity stress. Figure 14 compares the
radial stress of the five FRPMM models. It can be seen that for the even rotor slot
number FRPMMs, that is, 14 and 16 rotor slots, the stress harmonics only have even
orders, which will not lead to eccentricity. However, for the odd rotor slot number

Figure 12.
Effect of equivalent magnetic loading and electric loading on torque: (a) Zs = 6; (b) Zs = 12; (c) Zs = 18.
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torque is proportional to the square of airgap radius. The larger the airgap radius,
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magnetic loading Bm. Figure 12 analyzes the influence of Ae and Bm on the average
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55 mm and their rotor slot number is chosen as their corresponding optimal value.
Also, non-overlapping windings are adopted. As can be seen, the output torque
increases with the electric loading. This reason is very simple, that is, a larger
current, a higher torque. But for the equivalent magnetic loading, the variation
trend of torque does not monotonically increase with the equivalent magnetic
loading. This is due to the saturation effect of the iron core. Moreover, it can be seen
that the knee point of the equivalent magnet loading increases with the stator slot
number. Since the winding pole pair of the 18-stator-slot FRPMM is 6, which is
larger than 1-winding-pole-pair of the 6-stator-slot and 4-winding-pole-pair of the

Figure 11.
Effect of rg on torque when stator outer diameter is 170 mm.
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12-stator-slot FRPMM, the stator iron of the 18-stator-slot FRPMM is less likely to
saturate than the others.

4.2 Pulsating torque performances

4.2.1 Influence of slot-pole combinations on pulsating torque

Apart from the torque density, pulsating torque is also very important because a
large pulsating torque will increase the vibration and noise of machines. Figure 13
shows the cogging torque and ripple torque waveforms of 13-, 14-, 16-, 17-, and
19-rotor-slot FRPMMs. The stator slot number of these models is all chosen as 12.
For the rated torque, we can see in Figure 13(b) that the 14-rotor-slot FRPMM
yields the largest among the five models. As for the pulsating torque, we can see
that the cogging torque and ripple torque of 16-rotor-slot FRPMM are the largest,
and that of 19-rotor-slot FRPMM is the least. This phenomenon is related to the
least common multiple of stator slot number and rotor slot number. The larger least
common multiple, the lower pulsating torque. The least common multiples of the
13-, 14-, 16-, 17-, and 19-rotor-slot FRPMMs are 156, 84, 48, 204, and 228, respec-
tively. Therefore, the 19-rotor-slot FRPMM exhibit the lowest cogging torque and
ripple torque. However, attentions should be paid to use odd rotor number because
it will cause other problems such as eccentricity stress. Figure 14 compares the
radial stress of the five FRPMM models. It can be seen that for the even rotor slot
number FRPMMs, that is, 14 and 16 rotor slots, the stress harmonics only have even
orders, which will not lead to eccentricity. However, for the odd rotor slot number

Figure 12.
Effect of equivalent magnetic loading and electric loading on torque: (a) Zs = 6; (b) Zs = 12; (c) Zs = 18.
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Figure 13.
Effect of slot-pole combination on pulsating torque performances: (a) cogging torque waveforms (%); (b) rated
torque waveforms.

Figure 14.
Radial stress analysis of the FRPMMs: (a) 13-rotor-slot; (b) 14-rotor-slot; (c) 16-rotor-slot; (d) 17-rotor-slot;
(e) 19-rotor-slot.
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FRPMMs, that is, 13, 17, and 19 rotor slots, there are many odd stress harmonics.
Since the first-order harmonic is dominant for the eccentricity, the 13-rotor-slot
FRPMM has a large eccentricity stress. Therefore, 13-rotor-slot is not
recommended. The first-order stress harmonic for 17 and 19 rotor slots are very
small, so their eccentricity can be neglected.

4.2.2 Influence of PM thickness and split ratio on pulsating torque

The influences of split ratio and PM thickness on cogging torque and ripple
torque of FRPMMs are also analyzed in Figure 15. This figure is plotted based on the
14-rotor-slot, which is chosen because it has the largest torque density and a rela-
tively low pulsating torque, as shown in Figure 13. It can be found in Figure 15(a)
that the cogging torque increases with the PM thickness and the split ratio. When
the PM thickness increases, the airgap flux density increases, and thus the interac-
tion between the PMs and slot-teeth becomes greater, which leads to a higher
cogging torque. As the split ratio increases, the airgap radius increases, hence the
cogging torque increases with the split ratio [30]. As for the ripple torque, the ripple
torque has the maximum value when the split ratio is around 0.66. This is because
the ripple torque is not only related to the slot structure but also influenced by the
electric loading. As aforementioned, the pulsating torque resulting from the slot
structure is increased with the split ratio. However, as the split ratio increases, the
slot area is reduced and the electric loading gets smaller and smaller, so the ripple
torque resulting from the electric loading becomes lower. Considering these two
impacts, the ripple torque has a maximal value when the split ratio changes.

4.2.3 Influence of slot opening ratios on pulsating torque

As we know, the airgap structure is significant for the pulsating torque because
the pulsating torque results from the interaction between the two sides of the
airgap, that is, stator and rotor. Therefore, this chapter also analyzes the influences
of stator slot opening ratio and rotor slot opening ratio on cogging torque and ripple
torque. Here, the stator/rotor slot opening ratio is defined as the ratio of stator/rotor
slot opening width to the stator/rotor slot pitch. Figure 16 shows the variation of
cogging torque and ripple torque with the two slot opening ratios. It can be seen that
the cogging torque increases with the stator slot opening ratio. The reason is that a
larger stator slot opening ratio reduces the PM width and the smoothness of PM
MMF, thus the changing of the PM MMF along the tangential direction increases

Figure 15.
Effect of split ratio and PM thickness on pulsating torque performances: (a) cogging torque (%); (b) ripple
torque (%).
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Figure 13.
Effect of slot-pole combination on pulsating torque performances: (a) cogging torque waveforms (%); (b) rated
torque waveforms.

Figure 14.
Radial stress analysis of the FRPMMs: (a) 13-rotor-slot; (b) 14-rotor-slot; (c) 16-rotor-slot; (d) 17-rotor-slot;
(e) 19-rotor-slot.
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FRPMM has a large eccentricity stress. Therefore, 13-rotor-slot is not
recommended. The first-order stress harmonic for 17 and 19 rotor slots are very
small, so their eccentricity can be neglected.
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slot opening width to the stator/rotor slot pitch. Figure 16 shows the variation of
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Figure 15.
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the cogging torque. As for the rotor slot opening ratio, which simultaneously influ-
ences all the harmonic contents of the airgap permeance, it has great and nonlinear
impact on the pulsating torque. Since the pulsating torque results from the interac-
tion of multi permeance harmonics, the variation of pulsating torque changes
nonlinearly with the rotor slot opening ratio. It can be seen in Figure 16 that the
optimal cogging torque and ripple torque can be achieved when the stator slot
opening ratio and rotor slot opening ratio are around 0.25 and 0.7, respectively.

4.3 Power factor performances

4.3.1 Influence of stator inner diameter and PM thickness on power factor

Since the power factor of FRPMMs is usually low, which is around 0.4–0.7,
meanwhile a low power factor will increase the converter capacity and cost, the
influences of key parameters on the power factor should be also analyzed to achieve
a relatively high power factor. The power factor can be given as:

PF ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ LsIs

ψm

� �2
s

(31)

where Is is the winding current, Ls is the synchronous inductance (because the
saliency ratio is approximate to 1, Ld ≈ Lq), and ψm is the PM flux linkage. Then, the
effect of stator inner diameter on power factor is shown in Figure 17. Here, the
stator outer diameter is kept as 124 mm, and the airgap length is fixed as 0.5 mm. It
can be found that with the increase of stator inner diameter, the power factor
increases continuously. The reason is that with the increase of stator inner diameter,
the slot area decreases, so the winding turns per phase decreases, thus leading to the
reduction of the synchronous inductance Ls. The lower Ls, the higher power factor,
as shown in Eq. (31). Apart from the stator inner diameter, another important
parameter affecting the power factor is the PM thickness hm. Figure 18 investigates
the variation of power factor with respect to the PM thickness. It indicates that the
power factor initially increases with the PM thickness but then decreases. The
reason is explained as follows. As the PM thickness increases, the PM flux linkage
ψm becomes larger, so the power factor increases. However, the synchronous
inductance Ls also increases with the PM thickness, which leads to the reduction of
power factor afterwards. Therefore, there is an optimal PM thickness for a maxi-
mum achievable power factor.

Figure 16.
Effect of stator slot opening ratio and rotor slot opening ratio on pulsating torque: (a) cogging torque (%);
(b) ripple torque (%).
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4.3.2 Influence of slot opening ratio on power factor

Another important parameter that influences the airgap structure is the slot
opening ratio. Hence, Figures 19 and 20 analyzes the effect of stator slot opening
ratio and rotor slot opening ratio on pulsating torque performances, respectively. It
can be seen in Figure 19 that the maximum power factor can be obtained when the
stator slot opening ratio is approximately to 0.3. The explanation is as follows.
When the stator slot opening ratio is too small, the slot leakage flux between the
stator tips is large, thus the main flux is reduced, and the back-EMF is lowered,
resulting in smaller back-EMF. And when the stator slot opening ratio is too large,
the PM width will be narrower. Although the slot leakage flux is reduced, the main
flux is not high due to the narrower PMs, thus the back-EMF is lowered. Therefore,
the stator slot opening ratio cannot be too small or too large, that is, there is an
optimal value for the stator slot opening ratio.

Then, the influences of rotor slot opening ratio on power factor can be seen in
Figure 20. It indicates that when the rotor slot opening ratio is around 0.7, the

Figure 17.
Effect of stator inner diameter/airgap length on power factor.

Figure 18.
Effect of PM thickness/airgap length on power factor.
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the cogging torque. As for the rotor slot opening ratio, which simultaneously influ-
ences all the harmonic contents of the airgap permeance, it has great and nonlinear
impact on the pulsating torque. Since the pulsating torque results from the interac-
tion of multi permeance harmonics, the variation of pulsating torque changes
nonlinearly with the rotor slot opening ratio. It can be seen in Figure 16 that the
optimal cogging torque and ripple torque can be achieved when the stator slot
opening ratio and rotor slot opening ratio are around 0.25 and 0.7, respectively.

4.3 Power factor performances

4.3.1 Influence of stator inner diameter and PM thickness on power factor

Since the power factor of FRPMMs is usually low, which is around 0.4–0.7,
meanwhile a low power factor will increase the converter capacity and cost, the
influences of key parameters on the power factor should be also analyzed to achieve
a relatively high power factor. The power factor can be given as:

PF ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ LsIs

ψm

� �2
s

(31)

where Is is the winding current, Ls is the synchronous inductance (because the
saliency ratio is approximate to 1, Ld ≈ Lq), and ψm is the PM flux linkage. Then, the
effect of stator inner diameter on power factor is shown in Figure 17. Here, the
stator outer diameter is kept as 124 mm, and the airgap length is fixed as 0.5 mm. It
can be found that with the increase of stator inner diameter, the power factor
increases continuously. The reason is that with the increase of stator inner diameter,
the slot area decreases, so the winding turns per phase decreases, thus leading to the
reduction of the synchronous inductance Ls. The lower Ls, the higher power factor,
as shown in Eq. (31). Apart from the stator inner diameter, another important
parameter affecting the power factor is the PM thickness hm. Figure 18 investigates
the variation of power factor with respect to the PM thickness. It indicates that the
power factor initially increases with the PM thickness but then decreases. The
reason is explained as follows. As the PM thickness increases, the PM flux linkage
ψm becomes larger, so the power factor increases. However, the synchronous
inductance Ls also increases with the PM thickness, which leads to the reduction of
power factor afterwards. Therefore, there is an optimal PM thickness for a maxi-
mum achievable power factor.

Figure 16.
Effect of stator slot opening ratio and rotor slot opening ratio on pulsating torque: (a) cogging torque (%);
(b) ripple torque (%).
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4.3.2 Influence of slot opening ratio on power factor

Another important parameter that influences the airgap structure is the slot
opening ratio. Hence, Figures 19 and 20 analyzes the effect of stator slot opening
ratio and rotor slot opening ratio on pulsating torque performances, respectively. It
can be seen in Figure 19 that the maximum power factor can be obtained when the
stator slot opening ratio is approximately to 0.3. The explanation is as follows.
When the stator slot opening ratio is too small, the slot leakage flux between the
stator tips is large, thus the main flux is reduced, and the back-EMF is lowered,
resulting in smaller back-EMF. And when the stator slot opening ratio is too large,
the PM width will be narrower. Although the slot leakage flux is reduced, the main
flux is not high due to the narrower PMs, thus the back-EMF is lowered. Therefore,
the stator slot opening ratio cannot be too small or too large, that is, there is an
optimal value for the stator slot opening ratio.

Then, the influences of rotor slot opening ratio on power factor can be seen in
Figure 20. It indicates that when the rotor slot opening ratio is around 0.7, the

Figure 17.
Effect of stator inner diameter/airgap length on power factor.

Figure 18.
Effect of PM thickness/airgap length on power factor.
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power factor reaches the maximal value. This is because the power factor is mainly
influenced by the back-EMF. When the rotor slot opening ratio increases, the
effective airgap length becomes smaller, thus the main flux is increased and the
back-EMF is improved. As a result, the power factor is increased. When the rotor
slot opening ratio keeps increasing, the flux modulation effect of the rotor teeth
becomes weaker and weaker, thus the smaller modulated flux, and the lower back-
EMF. Therefore, there is also an optimal value for rotor slot opening ratio when a
high power factor is demanded.

4.4 PM demagnetization performances

For PM machines, PM demagnetization performances are very important
because it is highly related to the safe operation and machine reliability. Therefore,
the PM demagnetization performances of FRPMMs should be analyzed in this

Figure 19.
Effect of stator slot opening ratio on power factor.

Figure 20.
Effect of rotor slot opening ratio on power factor.
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chapter. Since the magnetic properties of PMmaterials are sensitive to temperature,
and the temperature coefficient of NdFeB magnet is as high as �0.126%K�1. When
the current of FRPMMs is large, the winding heating can easily affect the PMs
attached to the stator teeth surface, causing the decrease of PM magnetic perfor-
mances. On the other hand, when the winding current is large, the demagnetizing
effect of the armature field is enhanced, and thus the PMs have the possibility to be
demagnetized. Therefore, it is of great importance to investigate the PM demagne-
tization performances of FRPMMs at different conditions.

Figure 21 shows the demagnetization curve of the magnets. The upper half is a
straight line, and lower half under the knee point Bknee is a curved line. When the
FRPMM works on the straight line (such as point P1), the return line coincides with
the demagnetization curve, and the magnetic performance of the magnets will not
be lost. However, when the armature equivalent MMF Ha´ is too large at load
condition, or the knee point is too high, the working point Bknee is moved to P2. At
this time, the recovery line does not coincide with the original demagnetization line,
thus the intersection of the B-axis changes from Br to Br1, causing the irreversible
demagnetization. Then, the PM properties and machine performances will no lon-
ger return to the original. So, the PM flux density should be examined in order to
check the risk of irreversible demagnetization. As we know, the PM flux density is
determined by the design parameters such as electric loading Ae, PM thickness hm,
rotor slot opening ratio, etc. So, in this chapter, the effects of electric loading Ae, PM
thickness hm, rotor slot opening ratio bo/t on PM demagnetization performances of
FRPMMs will be studied. For instance, the PM material is selected as N38SH, and
knee point of the PM flux density at 100°C is 0.35 T.

Figure 22 shows the PM flux density of a 12-stator-slot/14-rotor-slot FRPMM
when the electric loading Ae is 1600A/cm, the PM thickness hm is 3 mm, rotor slot
opening ratio bo/t is 0.65. It can be seen that the PM flux density distribution varies
with the rotor position. When the rotor position is 140°, the PM does not demag-
netize, while at 0° and 340°, the PM will demagnetize. Hence, in the following
analysis, the PM flux density at the most severe moment of demagnetization is
selected.

Figure 23 studies the magnetic flux density distribution in the PMs under dif-
ferent electric loadings. It can be found that the larger electric loading Ae, the
smaller minimum flux density. This is because the larger electric loading, the higher
armature MMF Ha´, and the more left operating point P2, so the lower flux density

Figure 21.
PM demagnetization curve.
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power factor reaches the maximal value. This is because the power factor is mainly
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Figure 19.
Effect of stator slot opening ratio on power factor.
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Effect of rotor slot opening ratio on power factor.
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in the magnets. When the electric loading Ae is 1400A/cm, the PM irreversible
demagnetization just occurs. In addition, it can be seen that the entire magnetic flux
density map is skewed to the right. This is because the N-pole magnet is intercepted
in this analysis, and there is an S-pole magnet next to the N-pole magnet. There is
PM pole leakage flux between the S-pole magnet (negative axis) and the N-pole
magnet (positive axis), so the magnetic flux density around the 0 position is lower,
and away from the 0 position, the magnetic flux density gradually rises.

Figure 24 analyzes the effect of PM thickness hm on the PM demagnetization
performances. At this time, the electric loading is chosen as 800 A/cm, and the rotor
slot opening ratio is selected as 0.65. It can be seen in Figure 24 that when the PM
thickness hm is less than 2.5 mm, the irreversible demagnetization will happen,
while when the PM thickness hm is larger than 2.5 mm, the irreversible demagneti-
zation will not. In this model, the airgap length is 0.5 mm. Therefore, in the design
stage, the PM thickness should be better to set as five times or more the airgap
length. Considering the back-EMF, it is claimed in [3] that when the PM thickness is
about three times the airgap length, the back-EMF will reach the maximum. But
considering both back-EMF and PM demagnetization risk, it is safer to set the PM
thickness as about five times airgap length.

Figure 25 shows the influences of rotor slot opening ratio bo/t on the flux density
distribution inside the PMs. At this time, the electric loading is chosen as 800 A/cm,

Figure 22.
PM demagnetization at different rotor positions: (a) rotor position = 0°; (b) rotor position = 140°; (c) rotor
position = 340°.

Figure 23.
Influence of Ae on PM demagnetization.
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and the PM thickness is selected as five times the airgap length, that is, 3 mm. The
larger rotor slot opening ratio, the narrower rotor teeth, thus the more saturated
rotor teeth, and the smaller magnetic reluctance. As shown in Figure 20, when the
magnetic gets smaller, the more left operating point P2, and thus the lower PM flux
density. It can be seen in Figure 25 that when the rotor slot opening ratio bo/t is 0.9,
the irreversible PM demagnetization just occurs. In Ref. [28], it is claimed that the
maximum back-EMF can be achieved when the rotor slot opening ratio bo/t is
around 0.6. So, during the design process, the optimal rotor slot opening ratio can
be directly applied without consideration of the PM demagnetization risk.

5. Geometric design of stator and rotor

5.1 Stator design

The geometrical parameters of stator and rotor are shown in Figure 26. The
no-load flux of each winding pole could be calculated as:

Figure 24.
Influence of hm on PM demagnetization.

Figure 25.
Influence of bo/t on PM demagnetization.
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Figure 22.
PM demagnetization at different rotor positions: (a) rotor position = 0°; (b) rotor position = 140°; (c) rotor
position = 340°.

Figure 23.
Influence of Ae on PM demagnetization.
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rotor teeth, and the smaller magnetic reluctance. As shown in Figure 20, when the
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maximum back-EMF can be achieved when the rotor slot opening ratio bo/t is
around 0.6. So, during the design process, the optimal rotor slot opening ratio can
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5. Geometric design of stator and rotor

5.1 Stator design

The geometrical parameters of stator and rotor are shown in Figure 26. The
no-load flux of each winding pole could be calculated as:

Figure 24.
Influence of hm on PM demagnetization.

Figure 25.
Influence of bo/t on PM demagnetization.
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ϕm ¼ 2λwlstkBm=π (32)

where λw is the winding pitch. If full-pitch winding is adopted, the winding pitch
is able to be written as:

λw ¼ 2πrg=2P (33)

Then, the no-load flux of each winding pole ϕm in Eq. (32) could change to:

ϕm ¼ 2rglstkBm=P (34)

Defining the average flux density at the stator yoke as By, the stator yoke
thickness hy can therefore be deduced as:

hy ¼ ϕm

2Bykstklstk
¼ rgBm

PBykstk
(35)

Similarly, defining the average flux density at the middle of stator tooth as Bt,
the stator tooth width is able to be worked out:

wt ¼ ϕm

3SPPkstklstkBt
¼ 4rgBm

ZskstkBt
(36)

Moreover, in order to simultaneously maintain a relatively large torque density
as well as reduce the risk of PM demagnetization, the PM thickness is recommended
to be:

hm ¼ 4g � 6g (37)

where g is the airgap length. Since the optimal torque density is often obtained
when the slot opening ratio is approximate to 0.25 [28], the stator slot opening
width wo could be written as:

wo ¼ π rg þ hm
� �

=2Zs (38)

Figure 26.
Geometry of stator and rotor.
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Then, next step is to calculate the stator outer radius ro. Firstly, the total slot area
of all the stator slots Aslot can be written based on the winding electric loading Ae

and the current density Je:

Aslot ¼ 2π rg þ hm
� �

Ae=JeSfg (39)

where Sfg is the slot fill factor. Meanwhile, the total slot area of all the stator slots
Aslot can be also derived out using the structural parameters:

Aslot ¼ π rg þ hm þ h1 þ hs
� �2 � π rg þ hm þ h1

� �2 � Zswths (40)

Combining the Eqs. (39) and (40), the slot depth hs can be determined. Then,
the stator outer radius ro can be given as:

ro ¼ rg þ hm þ h1 þ hs þ hy (41)

5.2 Rotor design

Defining the average flux density of each rotor yoke and middle of rotor tooth as
Bry, and Brt, respectively, the rotor yoke thickness hry and rotor tooth width wrt are
able to be achieved using the similar derivation procedure as Eq. (35) and Eq. (36).
Finally, the hry and wrt are given as:

hry ¼ rgBm=ZrBrykstk (42)

wrt ¼ 4rgBm=ZrkstkBrt (43)

Then, the rotor slot depth hrs is determined as:

hrs ¼ rs þ hry (44)

6. Design methodology and evaluations

6.1 Design procedure

Based on the analytical equations and the investigations of key performances in
the former parts, a quick and accurate analytical design of a FRPMM can be realized
by following these procedures (as depicted in Figure 27):

1.Based on the performance investigations in Figures 9–24, the initial design
values, including combination of stator slot and rotor slot number, electric
loading, equivalent magnetic loading, airgap length, materials of active parts,
etc. can be firstly selected.

2.Then, assuming an appropriate aspect ratio klr, the airgap radius rg, and the
stack length lstk can be worked out using Eqs. (29) and (30).

3.Based on Eqs. (32–44), the detailed geometric parameters of the stator core
and the rotor core are able to be obtained. Therefore, the stator outer diameter
ro and machine total length lo can be finally determined.

4.After that, check if the stator outer diameter and the machine total length
satisfy the required design specifications. If so, proceed to the FEA
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