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ABSTRACT 
 

This paper presents a sliding mode observer for the sensorless control of interior permanent magnet synchronous motor 
(IPMSM) drives. The sliding mode observer has been presented as a robust estimation method. Most of these previous 
works, however, were not for an interior PMSM (IPMSM), but for a non-salient pole PMSM and its observer design is 
conducted in the stationary reference frame. Thus, in this paper, we investigate the design of a sliding mode observer and 
its driving characteristics for an IPMSM. The proposed sliding mode observer is designed in the rotating reference frame, 
and good drive performance is achieved even when the observer parameters are mismatched with those of an actual motor. 
The proposed method is applied to a 600W IPMSM, and, then, the measurement results are presented. 
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1. Introduction 
 

The permanent magnet synchronous motor (PMSM) has 
been widely used in many industrial applications because 
of its high efficiency, maintenance-free operation and high 
controllability. In order to obtain high performance of a 
PMSM, the information for rotor position is necessary. 
The rotor position can be obtained from some type of shaft 
sensor such as an optical encoder or resolver connected in 
the rotor shaft. However, these sensors introduce 
undesirable features such as increasing the driving cost 
and machine size. Therefore, a mechanical sensorless 
drive is desired for the PMSM, and, thus, various 
sensorless control algorithms have been investigated and 

reported in many publications[1-9]. 
Most sensorless control in a PMSM can be classified 

roughly into two categories: 1) back-emf estimation 
method[2,3,5-8] and 2) high frequency signal injection 
method[1]. The back-emf estimation method utilizes the 
dynamic model of a machine and estimates a rotor 
position from the calculated back emf. Because 
established back-emf is negligible at low speeds, this 
method is suited for middle or high speed operation. On 
the other hand, the high frequency signal injection method 
utilizes injected voltage or current signal for a salient pole 
PMSM. Among these two categories, the sliding mode 
observer based rotor position estimation can be classified 
as the back-emf estimation method. 

It is shown in the literature that, for sensorless operation, 
the speed and/or position estimations are sensitive to 
parameter variations and the design of observer gain is 
tedious work. To improve the robustness of the controllers, 
a sliding mode controller has been proposed for some time. 
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While in the sliding mode, these controllers are insensitive 
to parameter variations and disturbances. Therefore, the 
sliding mode observer has been presented as a robust 
estimation method[5-8]. However, most of these previous 
work dealing with a sliding mode observer was not for an 
interior PMSM (IPMSM), but for a non-salient pole 
PMSM and its observer design is conducted in the 
stationary reference frame. For the IPMSM, the variation 
of inductance according to the rotor position makes it 
difficult to apply the conventional method directly. 

Thus, we present the sliding mode observer for 
sensorless control of an IPMSM, and investigate the 
driving characteristics. At first, a mathematical model of 
an IPMSM based on the extended EMF in the rotating 
reference frame is considered, and then control loop 
design and investigation of the driving performance are 
carried out. Good drive performance is achieved from the 
proposed method. 

This paper is organized as follows. The mathematical 
model of an IPMSM is reviewed in Section 2. A 
sensorless drive utilizing a sliding mode observer is 
presented in Section 3. To show the feasibility of the 
presented method, the simulations and experiments are 
carried out and illustrated in Section 4. Some conclusions 
are given in Section 5. 
 

2. Mathematical Model of an IPMSM 
 

The mathematical model of an IPMSM expressed in the 
extended EMF form is briefly described in this section[2-3]. 
The voltage equation of the IPMSM in the rotating d-q 
reference frame is given by (1). 
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where vd, vq are the d-q axes applied voltages, id, iq are the 
d-q axes currents, ω is the rotor speed, R is the armature 
winding resistance, Ld, Lq are the d-q axes inductances, KE 
is the EMF constant, and p is a short notation of d/dt. By 
arranging the winding inductance in (1), the voltage 
equation could be rewritten as (2) and (3). 
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Because the exact position of the rotor is not known, it 
is necessary to use another reference frame, noted as the 
γ−δ frame, which lags by eθ  from the d-q reference 

frame. Transforming the equation (2) into the γ−δ frame, 
the following model in the rotating reference frame is 
obtained. 
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where θθθ ˆ−=e , θ̂  and ω̂  are the estimated position 

and estimated speed, respectively. It is noted from the 
equation (4) that the inductance is constant in the γ−δ 
frame, and this makes the design of the controller easier. 
 

3. A Sliding Mode Observer Based 
Sensorless Driver 

 

In order to design the sliding mode observer for the 
IPMSM, the voltage equation in (4) is rearranged as (6). 
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From (6), we can give the state equations representing 
the estimated current dynamics as (7). 
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where 
γî  and δî  denote the estimated currents and k is a 

constant observer gain. Subtracting (6) from equation (7) 
yields the dynamics of the error in the estimated currents: 

 

⎥
⎦

⎤
⎢
⎣

⎡
−

−+⎥
⎦

⎤
⎢
⎣

⎡
−⎥
⎦

⎤
⎢
⎣

⎡
+⎥

⎦

⎤
⎢
⎣

⎡
−=⎥

⎦

⎤
⎢
⎣

⎡

γ

δ

δ

γ

δ

γ

δ

γ

δ

γ ωω
i

i
L

isign
isign

k
e
e

i
i

R
ip
ip

L qad )ˆ(
)(
)(  (8) 

 

where 
γi  and δi  denote the observation errors. From the 

reaching condition, we can determine the condition for the 
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observer gain k. They are: 
 

0)( <γγ ipi  and 0)( <δδ ipi            (9) 

 

The inequities above can be satisfied when 
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It is noted from the equation (10) that the observer gain 
k when applied to the IPMSM should be larger than the 
induced back emf added with an additional term which is 
proportional to the error in the speed estimation.  

The system behavior can be examined by applying the 
equivalent control method. The following are the 
conditions: 
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From (5) and (8), the characteristics of a sliding mode 
observer on the sliding hyper-plane might be defined as: 
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where the switching signal Z contains the information of 
the rotor position. Assuming that the error between the 
estimated speed and the actual speed is sufficiently small 
and applying low pass filtering for the switching signal Z, 
the filtered switching signal can be obtained as follows: 
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From (13), the rotor position error can be derived as 
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When the proportional and integral (PI) compensator is 
used in the position estimation loop, the transfer function 
relating the estimated and actual rotor positions is given as 
follows[1]: 
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Fig. 2 shows the equivalent block diagram for position 
estimation. In this figure, the output of sliding mode 
observer θe can be obtained from a virtual feedback. This 
structure gives the equation (15). The PI controller gains 
are chosen from the estimating performance when its 
natural frequency ωn and the damping ratio ζn is given: 

 
2,2 ninnp KK ωωζ ==        (16) 

 

The block diagram of the sliding mode observer based 
rotor position estimation derived above is shown in Fig. 
1(a). And to compare with the conventional one, the block 
diagram of the sliding mode observer in the stationary 
reference frame is also shown in Fig. 1(b). The block 
diagram shown Fig. 1(a) can be used both for an IPMSM 
and a SPMSM, whereas the conventional one shown in 
Fig. 1(b) is just for a SPMSM. 
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Fig. 1  Block diagrams of the sliding mode observer based 
rotor position estimation. 
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Fig. 2  Equivalent block diagram for the position estimation 
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Fig. 3  Block diagram of the sliding mode observer based speed 

control system 
 

 
 

4. Simulation and Experimental Results 
 

In this section, the rotor position estimation results 
based on the sliding mode observer are presented and their 
characteristics with respect to the parameter variations are 
also illustrated. The specifications of the IPMSM utilized 
in this research are listed in Table 1. Fig. 3 shows the 
overall block diagram of the sliding mode observer based 
sensorless speed control system. The sampling period for 
the current control and the rotor position estimation is 
chosen to be 0.1ms and the switching frequency of the 
PWM inverter is 10 kHz. 
 

4.1 Simulation results 
The sliding mode observer based sensorless control 

algorithm was simulated by Matlab/Simulink. The space 
vector PWM algorithm was applied and updated every 
100 µs with respect to the switching frequency 10 kHz. 
Fig. 4 shows the simulation results when the motor was 
started from rest to 3000 rpm. For this purpose, the initial 
position of the actual rotor position is assumed to be 
known and used to initialize the initial position of the 

Table 1  Parameters of tested IPMSM 

Number of pole-pairs  
Rated speed 
DC link voltage 
Armature resistance Ra 
d-axes inductance Ld 
q-axes inductance Lq 

3 
3000 rpm 
120V 
0.3 Ω 
4.04 mH 
8.20 mH 
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Fig. 4  Simulation results of speed response, estimation 
error, and actual and estimated rotor positions  
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Fig. 5  Simulation results when R in the observer equals to 
1/3 of resistor in motor 
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sliding mode observer. During the initial start-up period, 
there exists large position estimation error compared to 
steady state operation, which is to be expected from the 
analytical results as in (12), but its drive performance is 
not bad. The effect of the variation of a resistance in stator 
windings is considered in the simulation and the results 
are shown in Fig. 5. Even though there exists large 
difference between the actual motor and the observer 
parameters, the deviations in the start-up and the steady 

state operations are small compared to those for the exact 
parameter matching condition. However, for the case of 
inductance variation, this might be not the case. The 
variation of the inductance could give a position 
estimation error, and possibly even make the drive system 
unstable. Fig. 6 shows the simulation results when a q-axis 
inductance in the observer is equal to 80% of a nominal 
value, which shows stable operation, but the estimated 
position error is about 0.2 [rad] in the steady state. Careful 
consideration for this is required. 

 
4.2 Experimental results 
The control algorithms were implemented on a Texas 

Instruments TMS320F28016 low cost 32bit fixed-point 
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Fig. 6  Simulation results when Lq in the observer equals to 
80% of Lq in motor 
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Fig. 9  Acceleration performances from rest to 900 [r/min] 
from real-time data logging when different q-axis 
inductances are used for the sliding mode observer 
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Fig. 7  Speed and q-axis current responses from real-time 
data logging for step changes of load torque(speed 
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Fig. 8  Speed and q-axis current responses from real-time 
data logging for step changes of load torque (Speed 
reference: 3000 r/min, Load: 0  100%  0) 
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digital signal processor (DSP). In the experiment, we do 
not conduct the maximum torque per current operation. 
Instead, the q-axis current command is generated from the 
speed control loop and the d-axis current command is set 
to zero. And the used observer parameters are k = 300, Kp 
= 200, and Ki = 10000. 

Figs. 7 and 8 show the response for a step change of 
70% load torque at 1800 r/min and 100% load torque at 
3000 r/min, respectively. As shown in these figures, good 
performance against load disturbance is obtained.  

Figs. 9 and 10 show the acceleration performance from 
rest to 900 r/min when different observer parameters such 
as a q-axis inductance or an armature resistance are used. 
To start from zero speed, an initial rotor axis is aligned 
first with a predefined axis by applying a specific current 
vector, and this causes a 0.5sec delay in these figures. 
Even though a small perturbation can be observed, good 
drive performance against parameter variations is 
obtained. 

When decreasing the rotor speed below 360 r/min under 
full load conditions, the speed fluctuation becomes large. 
In order to operate the drives below this speed, an 
additional method such as a high frequency signal 
injection should be considered. 

 

5. Conclusions 
 

 This paper proposes a sliding mode observer for 

sensorless control of an interior permanent magnet 
synchronous motor. Different from the conventional 
sliding mode observer applied to a non-salient pole 
PMSM, in the proposed method, the sliding mode 
observer is designed in the rotating reference frame. The 
proposed method is applied to a 600W IPMSM, and then 
the simulation and experimental results are presented. 
When the speed reference or the load torque changes 
rapidly, position and speed estimation errors are caused. 
However, such errors are small, and their influence on the 
motor drives is minimal. Good drive performance is also 
observed when some parameter deviations of the sliding 
mode observer from those of the actual motor exist, such 
as q-axis inductance or armature resistance. But, because 
of possible unstable drive performance, a careful choice 
for the observer parameter is required, particularly for the 
inductance.  

 
Appendix: Proof of the stability of the SMO 

 
In order to satisfy the stability of the sliding mode 

observer, the equation (8) is required. From the equation 
(9), we have the following: 
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Similarly, 
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Since 02 <− γiRa

and 02 <− δiRa , the inequalities shown 

in the equation (8) can be satisfied when 
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So the sliding mode observer is stable when equation 

(10) is satisfied. 
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