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1 1. INTRODUCTION

In recent years, with the development of power electronic technology, AC servo system has been paid
more and more attention and research. The PMSM has the advantages of small size, high efficiency and
high power density, which plays an important role in AC servo system and which has been widely used in
high performance drive system [1]. At present, field oriented control (FOC) or direct torque control
(DTC) is usually used in the drive of PMSM for control strategy. However, no matter what kind of control
strategy, the rotor speed and position angle are required. In a sensor scheme, it can directly obtain the
position information through installing encoder or hall sensor. But this scheme will undoubtedly increase
the cost of the design of the system [2], and the adaptability is also relatively weak. In recent years, sensor�
less technology of PMSM is developed increasingly. The first proposed and most simple method is back
electromotive force [3], but at the low speed, the back electromotive force is small and the accuracy is not
high. Another more mature method is signal injection [4, 5], this approach relies on external incentives
and also requires the motor itself has a convex polarity, it doesn’t apply at high speed. With the develop�
ment of modern control theory, sliding mode observer, MRAS, Kalman filter, and other sensorless
schemes are also developed. These methods are more and more concerned by researchers for their good
robustness.

MRAS has the advantages of simple algorithm, easy to implement in the digital control system, and
has the advantages of faster adaptive speed. It has been proposed and applied to the PMSM sensorless con�
trol [6]. There are two different models. One is the reference model and another is the adjustable model
including the rotor speed. The deviation signal of the output of the two models send to the adaptive mech�
anism, and then the output of the adaptive mechanism is the rotor speed [7]. In [8–10], the basic theoret�
ical knowledge of MRAS theory for estimating rotor speed was given, and the d–q axis equations of stator
current for adjustable model was described. The adaptive law was constructed by Popov stability theory.
These establish the theoretical foundation for this paper.

Backstepping control is a new type recursive and systematic design methodology for the feedback con�
trol of uncertain nonlinear system, particularly for the system with matched uncertainties [11]. First, we
need to establish a comprehensive dynamical model of PMSM and the space state equations. Then, using
Lyapunov stability theorem can design the speed and current tracking backstepping controllers [12]. In
[13–15], the backstepping control theory was explained in detail. In [13], it designed a speed observer
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based on slide model observer and phase loop lock (PLL) was designed, however it was more complex than
MRAS. In [15], it also designed a speed observer through Luenberger observer. But it was still no more
simple than MRAS.

In this paper, we mainly investigate backstepping sensorless speed controller for PMSM based on
MRAS. First, we design the rotor speed and current backstepping controllers using Lyapunov stability the�
orem and backstepping control theory after presenting the mathematical model of PMSM. Then, in order
to save system cost, we also design a rotor speed observer using MRAS and Popov stability theory. Finally,
simulation results show that the backstepping sensorless speed control method is effective and feasible.

The rest of this paper is organized as follows. In Sections 2, the mathematical model and the backstep�
ping controller for PMSM are presented. The rotor speed observer of PMSM is designed by MRAS in
Section 3. Section 4 presents simulation parameters, conditions and results. Finally, some conclusions are
drawn in Section 5.

2. BACKSTEPPING CONTROLLER DESIGN

2.1. Dynamic Model of PMSM

The mathematical model of a surface mounted PMSM can be given in d–q axis as follows:

(1)

where R is the stator resistance, L is the d–q axis inductances,    are the stator voltages and cur�
rents of the motor in the d–q axis. p is the number of pole pairs of the PMSM,  and  are rotor electric
angular speed and flux.  is the load torque, J is the rotor inertia, and B is the viscous friction coefficient.

2.2. Speed Controller Design

The main control goal is to ensure global asymptotic convergence of the speed and current tracking
errors to zero.

Backstepping control is an efficient method for nonlinear system. In the backstepping procedure, the
first step is to define a virtual control state and then it is forced to become a stabilizing function. Conse�
quently, by appropriately designing the related control input on the basis of Lyapunov stability theory, the
error variable can be stabilized. Based on the backstepping design principle, the overall controller design
can be established.

The controller for the rotor speed can be designed in three steps through backstepping control theory.
Step 1: To solve speed�tracking problem, the speed error variable can be defined as

(2)

where  is the reference rotor electric angular speed and  is the actual electric angular speed. For sta�
bilizing the speed component, the speed tracking error dynamics derived from (1) and (2) can be obtained as 

(3)

Step 2: Choose the following candidate Lyapunov function as

(4)

Step 3: The time derivative of (7) can be obtained as

(5)
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According to Lyapunov stability definition, in order to allow the error to converge to zero, we need let

 So, we can define as

(6)

Therefore, when (6) is satisfied, the speed error approaches zero. Then we can earn as

(7)

PMSM is a complicated high�order, nonlinear system with multiple variables and strong coupling
characteristics. The exact thrust force to drive the motor is determined by the q�axis current. Moreover, it
is advisable to make the d�axis current be zero according to FOC. For traditional FOC control, through
the PI controller to adjust the speed and current, the output of the speed loop is the reference q�axis cur�
rent. In addition, the output of the d–q axis currents loop is the reference d–q axis voltages. These can be
shown in Fig. 4. So, we can earn the reference d–q axis currents as

(8)

2.3. Current Controller Design

As same speed control, the controller for the d–q axis currents also can be designed in three steps. For
q�axis current controller, it is described as follows.

Step 1: To solve q�axis current tracking problem, the q axis current error variable can be defined as

(9)

For stabilizing the q�axis current component, the q�axis current tracking error dynamics derived from
(1), (8) and (9) can be obtained as

 (10)

Step 2: Choose the following candidate Lyapunov function as

(11)

Step 3: The time derivative of (11) can be obtained as

 (12)

As the same, we also need let  So, we can define as

(13)

Therefore, when (13) is satisfied, the global asymptotic tracking of q�axis current can be achieved.
Then we can earn as

(14)

Similarly, the d�axis current controller can be designed by the following steps. 
Step 1: the d�axis current error variable can be defined as

(15)
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Also, the d�axis current tracking error dynamics derived from (1), (8) and (15) can be obtained as 

 (16)

Step 2: Choose the following candidate Lyapunov function as

(17)

Step 3: The time derivative of (17) can be obtained as

(18)

As the same, we let  likewise. So, we can define as

(19)

Therefore, when (19) is satisfied, the global asymptotic tracking of the d�axis current can be achieved.
Then we can earn as

(20)

So, we can use equation (14) and (20) as reference d–q axis voltages. The objective of backstepping
control for PMSM is completed.

3. DESIGN OF SPEED OBSERVER

The MRAS estimators are designed to estimate the stator d–q axis currents and the rotor speed. The
main idea behind MRAS method is that there is a reference model and an adjustable model. The mathe�
matical model of d–q axis currents of PMSM as reference model can be given as

(21)

According to MRAS, the mathematical model of d–q axis currents of PMSM as adjustable model can be
given as

(22)

After building adjustable and reference models, the adaptive mechanism will be built for MRAS
method. Under ideal conditions, the error between the two models is zero. So, defined state error as

(23)

The state error equation of equation (21) subtracting equation (22) can be given as

(24)

Therefore, the state error model of PMSM is given as follow 
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The MRAS basic block diagram of speed estimation is shown in Fig. 1.

Obviously, the stability and precision of the system is related to the construction of the adaptive mech�
anism. From Fig. 1, it can be seen that the adaptive mechanism is related to the state error equation (24).
The structural diagram of the equation (24) is shown in Fig. 2.

For speed estimation, the adaptive law is constructed by Popov stability. So, the conditions about the
stability of Fig. 2 are about two sides. One is the zero pole of the transfer function of the forward channel
in the left half of the s domain. Another is feedback channel to satisfy Popov stability.
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For first condition, the transfer function of forward channel is given as

(26)

Its pole�zero loci is shown in Fig. 3 for a range of  starting at –400 up to 400 rad/s. From the graph,
we can see that with the increase of the speed, the poles also have negative real parts. So this condition is
confirmed.

For second condition, the derivation of Popov stability is introduced in above literature, and it’s not
described in this article. The adaptive law can be constructed by Popov stability.

(27)

4. SIMULATION RESULTS

Simulation works are carried out on the PMSM to prove the effectiveness of the proposed scheme. The
simulations are performed using the Matlab/simulink simulation package. The structure diagram of the
whole system is shown in Fig. 4. The PMSM parameters involved in this paper are shown in table.

The initial rotor speed (mechanical angular speed) of the PMSM is 10 rad/s, and the rotor speed is
200 rad/s at 0.6 s. The initial load torque of the motor is 1 N m and the load torque is 10 N m at 0.3 s.

The parameters of the backstepping controller and MRAS are selected as  
  

Figure 5 indicates the given rotor speed and the actual rotor speed. From Fig. 5 (left), it can be seen
that the rotor speed can rapidly track the given rotor speed with small stability error and fast response.
Also, Fig. 5 (right) shows that the estimated speed also have small stability error and fast response. Figure 6
shows the variation of electromagnetic torque as the load torque changes, and it can be seen that the
PMSM has fast torque response. Figure 7 shows the wave of stator currents in d–q axis, which satisfies the
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control scheme. Figure 8 shows the A and B phase currents of the stator. The current amplitude is propor�
tional to the rotor speed and changes rapidly as the load torque varies.

Through the above diagram can be seen, the speed, current and torque response of PMSM are similar
under sensorless and sensor. This fully shows the effectiveness of the proposed speed observer, and this is
more economical than sensor.
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5. CONCLUSION

This paper proposes a backstepping control method with speed estimation of (PMSM) based on
(MRAS). An efficient backstepping controller is first presented. Then, applying MRAS theory, the speed
observer is designed. This Backstepping sensorless control is very convenient to be implemented in prac�
tice. Finally, simulation results verify the validity and feasibility of this approach.

REFERENCES

1. Yang, Z.J. and Wang, L.N., Online multi�parameter identification for surface�mounted permanent magnet syn�
chronous motors, Trans. China Electrotech. Soc., 2014, vol. 29, no. 3, pp. 111–118.

2. Zheng, S.Q., Tang, X.Q., Song, B., Lu, S.W., and Ye, B.S., Stable adaptive PI controlfor permanent magnet syn�
chronous motor drive based on improved JITL technique, ISA Trans., 2013, vol. 52, no. 4, pp. 539–549.

3. Genduso, F., Miccli, R., Rando, C., and Galluzzo, G.R., Back EMF sensorless�control algorithm for high�
dynamic performance PMSM, IEEE Trans. Ind. Electron., 2010, vol. 57, no. 6, pp. 2092–2100.

4. Cupertino, F., Giangrande, P., Pellegrino, G., and Luigi, S., End effects in linear tubular motors and compen�
sated position sensorless control based on pulsating voltage injection, IEEE Trans. Ind. Electron., 2011, vol. 58,
no. 2, pp. 494–502.

5. Jung, S.Y. and Nam, K., PMSM control based on edge�field hall sensor signals through ANF�PLL processing,
IEEE Trans. Ind. Electron., 2011, vol. 58, no. 11, pp. 5121–5129.

6. Qi, F., Deng, Z.Q., Qiu, Z.J., and Wang, X.L., A method of sensorless vector control for PMSM, Trans. China
Electrotech. Soc., 2007, vol. 22, no. 10, pp. 30–34.

7. Wang, Q.L., Zhang, X., and Zhang, C.W., Double sliding�mode model reference adaptive system speed identi�
fication for vector control of permanent magnet synchronous motors, Proc. CSEE, 2014, vol. 34, no. 6, pp. 897–
902.

8. Lindita, D. and Aida, S., Simulation based analysis of two different control strategies for PMSM, Int. J. Eng.
Trends Technol., 2013, vol. 4, no. 4, pp. 596–602.

9. Pradeep, K., Mandeep, K., and Surender, D., Sensorless Speed Control of PMSM using SVPWM Technique
Based on MRAS Method for Various Speed and Load Variations, Lect. Notes Eng. Comput. Sci., 2015, vol. 2217,
no. 1, pp. 375–380.

10. Khlaief, A., Boussak, M., and Chaari, A., A MRAS�based stator resistance and speed estimation for sensorless
vector controlled IPMSM drive, Electr. Power Syst. Res., 2013, vol. 108, no. 2014, pp. 1–15.

11. Karabacak, M. and Eskikurt, H.I., Design, modelling and simulation of a new nonlinear and full adaptive back�
stepping speed tracking controller for uncertain PMSM, Appl. Math. Modell., 2012, vol. 36, no. 11, pp. 5199–
5213.

12. Hamida, M.A., Glumineau, A., and de Leon, J., Robust integral backstepping control for sensorless IPM syn�
chronous motor controller, J. Franklin Inst., 2012, vol. 349, no. 5, pp. 1734–1757.

13. Chen, C.X., Xie, Y.X., and Lan, Y.H., Backstepping control of speed sensorless permanent magnet synchronous
motor based on slide model observer, Int. J. Autom. Comput., 2015, vol. 12, no. 2, pp. 149–155.

14. Murat, K.H. and Ibrahim, E., Speed and current regulation of a permanent magnet synchronous motor via non�
linear and adaptive backstepping control, Math. Comput. Modell., 2011, vol. 53, pp. 2015–2030.

15. Liu, D.L., Zheng, X.H., and Cui, L.L., Backstepping control of speed sensorless permanent magnet synchro�
nous motor, Trans. China Electrotech. Soc., 2011, vol. 26, no. 9, pp. 67–72.

50

–50
0.80.60.40.20

C
u

rr
en

t,
 A

Time, s

0

50

–50
0.80.60.40.20

0

Fig. 8. A and B phase winding currents under sensor (left) and sensorless (right).


		2016-04-27T11:48:01+0300
	Preflight Ticket Signature




