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Abstract 
Iterative learning control (ILC), which is suitable for nonlinear systems, has the 
advantages of simple structure and algorithm implementation and does not depend on 
prior knowledge and parameters of the system. Aiming at the vibration, noise and 
mechanical equipment damage caused by excessive torque pulsation of doubly salient 
permanent magnet (DSPM) motor, an effective speed control strategy based on ILC was 
proposed to achieve torque pulsation suppression. Taking the 48/64-tooth DSPM motor 
as the research object, on the basis of motion equation and torque equation of it, a double 
closed-loop algorithm of speed outer loop control based on P-type open-closed-loop ILC 
and current inner loop control based on traditional PI control was proposed. The 
traditional control system was improved to achieve the torque ripple suppression effect 
of the motor. MATLAB/Simulink was used to build the system simulation model based 
on the ILC strategy, and the torque ripple characteristics before and after the 
implementation of ILC strategy were verified and compared. Simulation results showed 
that the double closed-loop algorithm of speed outer loop control based on P-type open-
closed-loop ILC and current inner loop control based on traditional PI control can 
significantly reduce the torque ripple and improve the motor performance. 
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1. Introduction 
The concept of the Doubly Salient Permanent Magnet (DSPM) motor first appeared in the 1950s. It 
is a new type of electromechanical integration developed on the basis of switched reluctance motor 
and permanent magnet motor,which is controllable AC speed control system [1-5]. DSPM motor has 
the advantages of switched reluctance motor and permanent magnet motor. It has the characteristics 
of simple and reliable structure, high power density, low cost, large fault tolerance. It also improves 
the problems of the drive control complexity, high cost and low utilization [6-7], thus it is widely 
used in many fields such as aerospace, electric vehicles and ocean current power generation. The 
48/64-tooth DSPM motor studied in this paper has large output torque and good low-speed 
performance. It contributes a lot to ocean current power generation, especially as a ship propulsion 
motor can provide strong power for ships, save cabin space and reduce the shipbuilding costs. 
However, due to the existence of the double salient pole structure and the permanent magnet, the 
DSPM motor has a problem of large torque ripple. Torque ripple periodically pulsates with the 
position of the rotor, causing problems such as periodic oscillation of the motor speed and noise. As 
a ship propulsion motor, excessive torque ripple is likely to cause damage to the transmission 
equipment, so it is necessary to weaken and suppress torque ripple. Since the beginning of this century, 
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the problem of reducing the torque ripple of DSPM motor has been valued by experts and scholars 
all over the world. After research, the running performance of DSPM motor will be better by 
improving motors design and control methods to suppress the torque ripple.  
Taking 48/64-tooth DSPM motor as an example, this paper proposes a double closed-loop algorithm 
of speed outer loop control based on P-type open-closed-loop ILC and current inner loop control 
based on traditional PI control. The simulation results show that the algorithm can significantly reduce 
the torque ripple of the DSPM motor. 

2. Mathematical Model of DSPM 
The DSPM motor can be divided into the stator permanent magnet type and the rotor permanent 
magnet type according to the permanent magnet position[8]. The DSPM motor can also be divided 
into the outer rotor type and the inner rotor type according to the relative positions of the rotor and 
the stator. Fig.1 shows a structural diagram of a 48/64-tooth stator permanent magnet type and inner 
rotor DSPM motor.The stator has 48 teeth distributed over 12 slots. The rotor has 64 teeth and 4 
permanent magnets are evenly distributed inside it. The structure is built-in , thus it can save the 
maintenance cost of the motor. 
When the motor is running at no load, only the permanent magnet magnetic field acts. Starting from 
the N pole of the permanent magnet, the magnetic flux firstly passes through the stator yoke, stator 
teeth. Then it passes through the air gap into the rotor teeth, the rotor yoke, the rotor teeth. Finally it 
passes through the air gap and returns to the S pole of the permanent magnet. A closed magnetic 
circuit is formed. During the rotation of the rotor, when the rotor slot is facing the stator teeth, the 
flux linkage is the smallest, and then the flux linkage is gradually increased. At this time, the 
corresponding stator windings are forward-current. When the rotor teeth is facing the stator teeth, the 
flux linkage is the largest, and then the magnetic flux is gradually reduced. At this time, the 
corresponding stator windings are reversed-current. The magnetic common energy generates 
electromagnetic torque, which pushes the DSPM motor to rotate continuously. 

 
Fig.1 Structure of three-phase 64/48-tooth DSPM 

The mathematical model of DSPM motor consists of flux linkage equation, voltage equation, torque 
equation and mechanical equation, which is a description of the relationship between various physical 
quantities of the motor [9-13]. The mathematical model of the DSPM motor is briefly described below. 
According to the finite element analysis result, the FFT (Fast Fourier Transform) is used and the 
Fourier terms above the second order are ignored, and the self-inductance, mutual inductance and 
flux linkage equations are obtained respectively. As shown below [14]: 
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With 0e rN tθ θ= Ω + . Where eθ , Ω  and rN  represent respectively the electrical angle, the mechanical 
speed and the teeth number in rotor respctively. 
The electromagnetic torque equation is: 
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Where p  is the number of pole pairs. [ ]sL  is the stator inductance matrix; [ ]si  and [ ]mϕ  are 
current and PM flux-linkage vectors. 
The first term of the electromagnetic torque equation is the reluctance torque, which is related to the 
rotor geometry. The second term of the electromagnetic torque is the mixed torque, which is caused 
by the interaction between the stator current and the permanent magnet flux linkage.Through the 
Clark transform and Park transform, the mathematical model of the DSPM motor in the o-d-q 
coordinate system can be derived: 
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Among them, the coefficient matrix [ ]α  and [ ]β  in the voltage equation of DSPM motor are detailed 
in the paper [14].The electromagnetic torque formula is: 

2
L

em PM M
Γ

Γ = Γ − + Γ                                       (8) 

Where: PMΓ  is permanent magnet torque, which also is the main part of the electromagnetic torque; 

2
LΓ−  and MΓ  are reluctance torque. They are defined as follows: 
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The equation of motion of the motor is as follows: 
m

em L v m m
df J
dt
ω

ωΓ − Γ − ⋅ =                                  (12) 

Where: LΓ  is load torque; mJ  is the moment of inertia( 2kg m∗ ); vf  is the viscosity coefficient. 

3. Speed controller based on open-closed loop P-type ILC 
Iterative Learning Control (ILC) is a control method for trajectory tracking system that performs 
repetitive motion [15]. It can theoretically make the deviation signal tend to zero in a limited time by 
continuously learning the periodic deviation signal. Iterative learning control has the advantages of 
simple structure, effective compensation of control signals, and strong robustness [16]. 
The main task of ILC is to obtain new control signals by iteration, so that the system output can track 
the ideal value. The principle is to continuously adjust the control signal of the next beat according 
to the error of the previous beat, so that the system converges to a given trajectory. The schematic 
diagram of iterative learning control is shown in Fig. 2. Where the current error 1( )ie t+  is that the 
expected value minus the feedback value. That is 1 1( ) ( ) ( )i d ie t y t y t+ += − . 
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Fig.2 Schematic of ILC 

The iterative learning law has two basic forms: open loop and closed loop. If the tracking error of the 
current beat , 1( )ie t+ , is used to adjust the control signal, it is called the closed loop control rate; if the 
tracking error of the previous beat, ( )ie t , is used to adjust the control signal, it is called the open loop 
control rate. The ILC law can be expressed as: 
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When the learning gain PG , DG  and IG  are not equal to zero at the same time, it can form PID 
type, PI type and P type ILC law. Among them, if 1= +a i , it is called closed loop learning law; if 
=a i , it is called open loop learning law. 

The open-closed loop P-type ILC law is adopted in this paper, and its iterative learning law is: 
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Where, ( )iu t  and 1( )iu t+ is the control signal, ( )dy t  is the given signal, 1( )ky t+  is the feedback 
signal, 1G  is the open loop learning gain, 2G  is the closed loop learning gain, 1( )ie t+  is the tracking 
error of the current beat, and ( )ie t  is the tracking error of the previous beat.  
The stable convergence of the iterative learning control algorithm is a prerequisite for the normal 
operation of the system. For formula (11), under certain conditions, if the following inequality is 
established as: 
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The control system block diagram of open-closed loop P-type ILC is shown in Fig. 3. 

 
Fig.3 Block diagram of the control system of the open-closed loop P-type ILC algorithm   

In order to avoid the problem of error accumulation caused by aperiodic disturbance in practical 
systems, a forgetting mechanism is usually introduced to weaken the error accumulation to a certain 
extent [18-20]. 
The open and closed loop P type iterative learning law with forgetting factor is: 

1 1 2 1( ) (1 ) ( ) * ( ) * ( )i i i iu t u t G e t G e tα+ += − + +                         (16) 
The ILC algorithm with forgetting factor can filter out some high frequency perturbations, so it has 
the property of low pass filter. 

4. Design and Simulation of Motor Speed Control System Based on ILC 
4.1 ntrol system overall structure 
The ILC algorithm adopted in this paper is essentially an improvement of the traditional PI control 
strategy. On the basis of the traditional PI speed loop, the current signal is compensated by the 
difference of the rotational speed, so that it is close to the ideal control signal for reducing the torque 
ripple. The DSPM motor speed control system designed in this paper adopts vector control. Vector 
control is a kind of control strategy based on coordinate transformation theory to control the excitation 
current di  and torque current qi  separately. 
The structure diagram of the DSPM motor vector control system based on ILC is shown in Fig. 5, 
where, . 
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Fig. 4 Structure diagram of DSPM motor vector control system based on ILC 

4.2 Simulation and result analysis 
In order to verify the effectiveness of the ILC strategy used in this paper, the MATLAB/Simulink 
toolbox was used to establish a 48/64-tooth DSPM motor vector control system based on the 
mathematical model of the motor. The motor torque ripple and speed ripple were simulated. 
Fig. 6 and Fig. 7 show the simulation results of the motor output torque and speed of the DSPM motor 
before and after the ILC algorithm. Set the simulation time to 1s, and start the iterative controller in 
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0.5s. The reference speed of the DSPM motor is 30r/min, the load torque is the rated torque of 
1845Nm, and the parameters of the ILC controller are: 150pK = , 600iK = , 0.01α = , 1 15G = , 2 5G = . 
The d-axis parameters: 70pK = , 5iK = , and q-axis parameters: 30pK = , 10iK = . 

 
Fig. 5 Electromagnetic torque waveform diagram under ILC strategy 

    
Fig. 6 Speed waveform diagram under ILC strategy 

From Figs. 5 and 6, the results show that the torque ripple coefficient is reduced from 10.54% to 3.56% 
under the ILC strategy, and the suppression effect of torque ripple is very obvious. 

5. Conclusion 
The DSPM motor has the advantages of high power density, low cost and simple structure, but there 
is a problem of large torque ripple when the motor is running, which seriously affects the performance 
of the motor. Based on the motion equation and torque equation of the 48/64-tooth DSPM motor, a 
double closed-loop control strategy based on ILC algorithm was proposed to improve the traditional 
control system. Improved the torque ripple suppression effect of the motor. In this study, the system 
simulation model based on ILC strategy was built by MATLAB/Simulink, and the torque ripple 
characteristics before and after the implementation of the strategy were verified and compared. 
The simulation and research show that the proposed method not only has the advantages of simple 
control structure and convenient speed regulation, but also effectively solves the problems of large 
motor torque ripple, and the algorithm is easy to implement. It does not depend on prior knowledge 
and it is robust to changes in motor parameters. However, if the iterative formula is not properly 
selected, the iteration of the initial value selection will also cause the iteration to fail. 

Acknowledgments 
Natural Science Foundation of China (61503242): Research on modeling and control methods for a 
class of non-sinusoidal permanent magnet synchronous motors. 

References 
[1] Liao Y, Lipo T A. A new doubly salient permanent magnet motor for adjustable speed drives. Electric 

Machines and Power Systems[J], 1994, 22(2): 259-270. 
[2] Liao Y, Liang F, Lipo T A. A novel permanent magnet motor with doubly salient structure. IAS Annual 

Meeting Houston. 1992, (10): 308-314. 
[3] Liao Y. Design and performance evaluation of a new class of permanent magnet machine with doubly 

salient structure[D]. UW-Madison, 1992. 

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.71500

1600

1700

1800

1900

2000

2100

2200

2300

Time(s)

E
le

ct
ro

m
ag

ne
tic

 T
or

qu
e(

N
m

)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
29.2

29.4

29.6

29.8

30

30.2

30.4

30.6

Time(s)

S
pe

ed
(r

pm
)

101 



 
 
International Core Journal of Engineering 
ISSN: 2414-1895 

Volume 6 Issue 2, 2020 
DOI: 10.6919/ICJE.202002_6(2).0014 

[4] Lipo T A, Liao Y, Liang F. A new doubly salient permanent magnet motor with stationary magnet. US 
Patent Pending. 

[5] Lipo T A, Liao Y. A new class variable reluctance motors with permanent magnet excitation. US Patent 
Pending. 

[6] Sarlioglu, Bulent, Lipo T A, et al. Novel doubly single- phase permanent magnet generator[J]. IAS 1994, 
(1): 9-15. 

[7] Qin Haihong, Wang Huizhen, Yan Yangguang. Control Modes of Doubly Salient Permanent Magnet 
Motor [J]. Electric Drive. 2005, 35(7): 24-38.  

[8] Ge Luming, Fan Ying, Jiang Hehe, Study on New Control Strategy for Doubly Salient Permanent Magnet 
Motor[J]. Micromotors. 2011,3(44):46-50. 

[9] Hao Chen. Modeling and Vector Control of Marine Current Energy Conversion System Based on Doubly 
Salient Permanent Magnet Generator. IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 7, 
NO. 1, JANUARY 2016. 

[10] Cheng Ming. Operation Principle and Linear Analysis of Static Characteristics of Doubly Salient 
Permanent Magnet Motor[J]. Report of Science and Technology,1997(1):16-20. 

[11] Wang Lei, Li Guangyou, Zhang qiang. A new type of double salient permanent magnet motor [J]. Small 
and medium-sized motor, 2004,31(1):9-11. 

[12] Chen Shiyuan, Guo Jianlong. Study on the relationship between reluctance torque and rotational artery 
motion of doubly salient permanent magnet motor[J]. Proceedings of the CSEE, 2008, 28(9): 76-80. 

[13] Cui Wei, Gong Yu, Jiang Jianzhong. Symmetrical design of double salient permanent magnet motor[J]. 
Journal of Zhejiang University: Engineering Edition, 2011, 45(5): 825-830. 

[14] Chen Hao, Modeling and Control of a Marine Current Energy Conversion System using a Doubly Salient 
Permanent Magnet Generator[D]. France: Nantes University. 2014. 

[15] Lin Hui, Wang Lin, Iterative Learning Control Theory [M]. Xi'an: Northwestern Polytechnical University 
Press, 1998: 24-26. 

[16] Li Bingqiang, Lin Hui. Iterative learning method for suppressing PMSM periodic torque ripple. Journal 
of Electric Machines and Control[J].2011,15(9):51-54. 

[17] Pi Daoying, Sun Youxian. The convergence of iterative learning control with open closed loop P type 
scheme for nonlinear time varying systems[J]. Acta Automatica Sinica,999, 25(3):351-354. 

[18] Li Wenshan, Torque ripple suppression strategy for permanent magnet synchronous motor based on PI 
type iterative learning control [D]. Tianjin: Tianjin University. 

[19] Yuan Lei, Hu Bingxin, Wei Keyin. Control principle and MATLAB simulation of modern permanent 
magnet synchronous motor [M]. Beijing: Beijing University of Aeronautics and Astronautics Press, 2016, 
p. 28-30. (In Chinese) 

[20]  Ma Changshan, Research on New Drive System of Permanent Magnet Doubly Salient Motor [D] . 
Nanjing: Nanjing University of Aeronautics and Astronautics, 2007. (In Chinese) 

 

102 


	Torque Ripple Suppression of Doubly Salient Permanent Magnet Motor Based on Iterative Learning Control
	Abstract
	Keywords
	1. Introduction
	2. Mathematical Model of DSPM
	3. Speed controller based on open-closed loop P-type ILC
	4. Design and Simulation of Motor Speed Control System Based on ILC
	4.1 ntrol system overall structure
	4.2 Simulation and result analysis

	5. Conclusion
	Acknowledgments
	References


