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 This paper proposes a new speed and position sensorless control method of Interior 

permanent magnet synchronous motors (IPMSM) using sliding mode observer based 

on Active Flux concept. First, a new description of IPMSM dynamic model in the 

stationary reference frame using active flux concept is proposed. The model obtained 

suits for both SPMSM and IPMSM in the stationary reference frame, Therefore, all 

that sensorless controls proposed for SPMSM can be directly and easily applied to 

IPMSM. Secondly, from the measurement of the voltages and the currents, a new 

analysis of the observability property is developed. Then, the sliding mode observer 

(SMO) structure and its design method are described in the stationary reference frame 

by using the active flux equation. A “chattering” phenomenon is reduced by using this 

technique. The stability of the proposed SMO was verified using the Lyapunov 

function. The speed and position of the IPMSM are estimated based on back EMF 

which are related to the active flux. Moreover, the zero d-axis current control strategy 

is used to control the IPMSM. Finally, the proposed method on the proposed model 

has been simulated and tested to show the effectiveness of the proposed scheme. 
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1. INTRODUCTION 

 

The importance of high efficiency at low speed and high 

torque/power density make many industrial applications using 

permanent magnets synchronous motors (PMSM), especially 

interior permanent magnet synchronous motors (IPMSM) 

because it has many advantages compared to the other types 

of motors in efficiency and power density [1-3]. 

For feedback control, the knowledge of position and rotor 

speed are necessary. Thus, speed sensors such as the encoders 

or the resolvers are utilized. In order to reduce the motor size, 

the hardware complexity, cost, and to improve robustness and 

reliability of the drive system the sensorless vector control of 

IPMSM has been proposed [4-6]. 

Two approaches of sensorless control of IPMSM can be 

cited. The first approach uses the excitation at high frequency 

to detect saliency difference between direct axis-d and 

quadrature axis-q. This method gives good performances at 

low speeds range but increase the complexity of sensorless 

control system and induces undesirable effects on the motor 

performances as the increasing of losses [7-9]. The second 

approach using the estimation of the back EMF value deduced 

from the integration of the total flux linkage on the stator phase 

circuits is simple. This approach is very adapted for the 

IPMSM drive system allowing to achieve good performances 

at medium and high speeds operating region [10-12]. However, 

these methods can fail at very low and zero rotating speed 

since the IPMSM dynamic model is quite complex, nonlinear, 

coupled and also the parameters are most often not known 

exactly during operating system [13]. To enhance the 

performance of the sensorless operation at low speed, several 

sensorless control methods has been developed. Online 

parameter estimation method is introduced by Chen [4]. It 

consists to minimize the effects of parameter variations using 

a new IPMSM mathematical model, in [14] a robust sensorless 

control with respect to the inverter irregularities, using of an 

on-line stator resistance identification method is proposed. the 

authors propose by Inoue et al. [15] a sensorless-control 

method based on the extended (EMF) concept for improving 

performance such as the operating speed range and the 

accuracy of position estimation.  

Therefore, in order to simplify the IPMSM dynamic model 

and also make it more accessible to automated design 

technique. For instance, the concept of extended back-

electromotive force (EMF) has been introduced by Chen et al. 

[16]. Indeed, it was the first attempt that has developed a new 

mathematical model for PMSM, suitable for both SPMSM and 

IPMSM and also valid for Reluctance Synchronous Motors 

(RSM). For the same purpose, Boldea et al. [17] propose a 

simple and efficient model of IPMSM based on the active flux 

concept. Using this concept, the IPMSM dynamic model can 

be described as an SPMSM model in the stationary reference 

frame (α, β) and also, makes it accessible for control design. 

The “active flux” concept which “turns all salient-pole rotor 

AC machines into fictitious non-salient-pole machines” is 

defined as the torque-producing virtual flux which multiplies 

the iq current component on the d axis in the electromagnetic 

torque equation of ac machines in the rotating reference frame 

(d, q).  

Another approach that can be taken to simplify the model of 

IPMSM called a fictitious permanent-magnet flux concept 

which was proposed by Koonlaboon [18]. Actually, there is no 
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difference between the concept of fictitious permanent-magnet 

flux, the extended EMF and the active flux approach. However; 

using fictitious flux, the IPMSM dynamics model can suit the 

sensorless control scheme but not all the available control 

schemes. 

Recently, and not far from the previous approaches, a new 

proposition to simplify and unify the AC model is introduced 

by Koteich et al. [19]. In fact it is a generalization of all the 

previous concepts, such as the extended EMF, the active flux 

and the fictitious flux concept. This approach is called the 

equivalent flux.  

On the other hand, to improve both accuracy and robustness 

of rotor speed and position estimations, sliding mode observer 

(SMO) design is developed. The sliding mode technique is one 

of the important and famous nonlinear control method, thanks 

to the inherent robustness properties and its simplicity. The 

"chattering effect" it's the main disadvantage of this techniques 

which can be reduced, generally, by using the low pass filter 

[20-23]. 

In this paper a new sensorless vector control of IPMSM is 

proposed. The rotor speed and rotor position are estimated 

from back EMF estimation with sliding mode observer (SMO) 

based on active flux concept. The objective is to estimate 

easily and rapidly the both rotor position and speed of the 

motor in wide speed range. The main contributions of this 

work are as follows: Firstly, a new and simple description of 

IPMSM dynamic model in the stationary reference frame 

based on an "Active Flux" concept is proposed. The model 

obtained suits for both SPMSM and IPMSM, Therefore, all 

that sensorless controls proposed for SPMSM can be directly 

and easily applied to IPMSM. Secondly, from the 

measurement of the voltages and the currents, a new analysis 

of the observability property in the (α, β) coordinate by using 

the “Active Flux” concept is proposed. Then, a sliding mode 

observer is designed on the stationary reference frame by using 

the active flux appraoch. A “chattering” phenomenon is 

reduced by using this technique. The stability of the proposed 

SMO was verified using the Lyapunov function. Moreover, 

the zero d-axis current control strategy is used to control the 

IPMSM. Finally, the proposed method on the proposed model 

has been simulated and tested to show the effectiveness of the 

proposed scheme.  

 This paper is organized as follows: the next section exposes 

the concept of the active flux. the section 3 present new 

description dynamical model of IPMSM in the (α, β) frame. 

An analysis of the IPMSM observability is presented in 

Section 4. In section 5 a sliding mode observer is designed in 

the stationary reference frame by using the active flux 

appraoch to estimate both rotor position and speed in wide 

speed range. This section discusses the stability of the error 

system by Lyapunov approach. Finally, the simulation results 

are presented in section 6 to validate the theoretical description 

and show the feasibility of the proposed method. 

 

 

2. MATHEMATICAL MODEL OF IPMSM IN (Α, Β) 

FRAME BASED ON ACTIVE FLUX CONCEPT 

 

In this part, a new mathematical model of IPMSM is 

proposed by using the flux active concept. 

 

2.1 Active flux concept  

 

To understand the "Active Flux" term, we need to define the 

electromagnetic torque equation of IPMSM in (d,q) reference 

frame. The electromagnetic torque can be expressed as:  

 

𝑇𝑒 =
3

2
𝑃(𝜙𝑓 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑)𝑖𝑞 (1) 

 

where, P is the number of pole pairs, 𝜙𝑓 is the rotor flux, 𝐿𝑑 

and 𝐿𝑞 are d-axis and q-axis inductances, and 𝑖𝑑, 𝑖𝑞  are the d-

q axes stator currents respectively. 

Let us now define the active flux 𝜙𝑎 as: 

 

𝜙𝑎 = 𝜙𝑓 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑  (2) 

 

For SPMSM: 𝐿𝑑 = 𝐿𝑞, 𝜙𝑎 = 𝜙𝑓  

For IPMSM: 𝐿𝑑 ≠ 𝐿𝑞, 𝜙𝑎 = 𝜙𝑓 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑 

From equation (2), the active flux vector has the same 

direction with the real rotor flux vector and the d-axis current. 

So, the required rotor position can be obtained from its 

estimate in the same way as is done for the SPMSM [24]. 

According to (1) and (2) the expression of the torque Te in 

the rotor reference frame can be described by the following 

equation: 

 

𝑇𝑒 =
3

2
𝑃𝜙𝑎𝑖𝑞 (3) 

 

So, the active flux which “turns all salient-pole rotor AC 

machines into fictitious non-salient-pole machines” is defined 

as the torque producing virtual flux which multiplies the iq 

current component on the d axis in the electromagnetic torque 

equation of AC machines in the d-q reference frame [17]. 

 

 
 

Figure 1. Vector diagram of active flux in (d, q) reference 

frame 

 

According to (3), it appears the linear form of torque which 

can be controlled directly by 𝑖𝑞  when 𝜙𝑎 is fixed. 

The voltage vector equation is given by:  

 

�̄�𝑠 = 𝑅𝑖̄𝑠 +
𝑑�̄�𝑠

𝑑𝑡
 (4) 

 

where, 𝑢𝑠  is stator voltage, iS is the stator current, R is the 

stator resistance, 𝜙𝑠 is the stator flux  

According to (4), the stator flux is: 

 

�̄�𝑠 = ∫(�̄�𝑠 − 𝑅𝑖�̄�) 𝑑𝑡 (5) 

 

In the rotor reference frame (d, q), the stator flux can be 

described by 
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�̄�𝑠 = 𝜙𝑑 + 𝑗𝜙𝑞 (6) 

 

where, 

 

{
𝜙𝑑 = 𝜙𝑓 + 𝐿𝑑𝑖𝑑

𝜙𝑞 = 𝐿𝑞𝑖𝑞
 (7) 

 

Further, the active flux vector can be rewritten as: 

 

�̄�𝑎 = 𝜙𝑓 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑 + 𝑗𝐿𝑞𝑖𝑞 − 𝑗𝐿𝑞𝑖𝑞 (8) 

 

After little arrangements we can write: 

 

�̄�𝑎 = 𝜙𝑓 + 𝐿𝑑𝑖𝑑 + 𝑗𝐿𝑞𝑖𝑞 − 𝐿𝑞(𝑖𝑑 + 𝑗𝑖𝑞) (9) 

 

Then, the active flux is given as: 

 

𝜙
𝑎

= 𝜙
𝑠

− 𝐿𝑞𝑖𝑠 (10) 

 

where, 

 

𝑖𝑠 = 𝑖𝑑 + 𝑗𝑖𝑞  (11) 

 

The Eq. (10) create a simple relationship between active 

flux and stator flux and shows that the q-axis inductance 𝐿𝑞 is 

the only motor parameters affected. 

Substituting stator flux estimation Eq. (5) into active flux 

Eq. (10) we obtain: 

 

�̄�𝑎 = ∫(�̄�𝑠 − 𝑅𝑖̄𝑠) 𝑑𝑡 − 𝐿𝑞𝑖̄𝑠 (12) 

 

2.2 Design of IPMSM model using the active flux 

 

The mathematical model of the IPMSM is established from 

the fluxes components 𝝓𝒂𝜶 and 𝝓𝒂𝜷 which are defined in the 

reference frame (α, β) as: 

 

{
𝜙𝑎𝛼 = ∫(𝑢𝛼 − 𝑅𝑖𝛼) 𝑑𝑡 − 𝐿𝑞𝑖𝛼

𝜙𝑎𝛽 = ∫(𝑢𝛽 − 𝑅𝑖𝛽) 𝑑𝑡 − 𝐿𝑞𝑖𝛽

 (13) 

 

where, (𝑢𝛼, 𝑢𝛽) is the voltage on the fixed coordinate, and (𝑖𝛼, 

𝑖𝛽) is the current on the fixed coordinate. 

The derivative of Eq. (13) gives: 
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According to Figure 1, the fluxes  components 𝝓𝒂𝜶  and 

𝝓𝒂𝜷 can be written as: 

 

{
𝜙𝑎𝛼 = 𝜙𝑎 𝑐𝑜𝑠 𝜃
𝜙𝑎𝛽 = 𝜙𝑎 𝑠𝑖𝑛 𝜃  (15) 

 

Using (15), the Eq. (14) can be rewritten as follows: 
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(16) 

 

Defining the following variables: 
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where, 𝒆𝜶 and 𝒆𝜷 represent the back EMF along α-axis and β-

axis. 

The new proposed dynamic model of IPMSM in the 

stationary reference frame (α, β), with taking into account the 

mechanical dynamic expression, is given by (18): 
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(18) 

 

where, 𝑻𝒍 is the load torque, 𝑱 and 𝒇 are the moment of inertia 

of the rotor and friction coefficient, respectively.  

The system described in (18) has a simple structure, 

compared to the classical model given by Chen et al. [16], it 

suits both SPMSM and IPMSM in the stationary reference 

frame. The new IPMSM dynamic model based on the active 

flux concept has the following properties and advantages: 

1- The proposed IPMSM dynamic model based on active 

flux is simpler than the classical model in stationary reference 

frame and extended EMF dynamic model and also simpler 

than the fictitious magnet flux model. 

2-The new model is independent on motor inductance 

matrix parameters. 

3- The new model shows a great similarity and equivalence 

between the IPMSM and the SPMSM with the real magnet 

flux for IPMSM in the (α,β ) coordinate . 

4- The sensorless controls proposed for SPMSM can be 

directly and easily applied to IPMSM. 

5-With the new model, the sliding mode observer theory can 

be applied easily to the IPMSM in (α,β ) coordinate as is done 

for the SPMSM. 

6-The back EMF formula induced by the active flux of 

IPMSM is exactly the EMF introduced of SPMSM. 

 

 

3. OBSERVABILITY STUDY OF IPMSM IN (Α, Β) 

FRAME BASED ON ACTIVE FLUX 

 

In order to design an observer it is necessary to analyse the 

observability of the system and show under which conditions 

the IPMSM is observable in the (α,β) coordinate. Several 

approaches have been presented in literature to study the 

observability of nonlinear systems. In this section, we study 

the observability of IPMSM based on local weak observability 
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theory of nonlinear systems which is introduce by Hermann 

and Krener [25]. 

 

3.1 Electromechanical model observability 

 

By using the flux active concept, the mathematic model of 

IPMSM can be written as follows: 
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with: 
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The order of the IPMSM state vector is n=4.  

Let: 
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and 
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The observability analysis of the PMSM is made by 

verifying if the rank of the matrix 𝐽1is equal to n=4. 

The determinant of the matrix 𝐽1 is given by: 
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• SPMSM Case: 𝜙𝑎 = 𝜙𝑓 
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By analyzing of this result of D1 ; which is dependent only 

on 𝑥3 = 𝜔𝑟 

For 𝜔𝑟 ≠ 0, the SPMSM observability is guaranteed. 

For 𝜔𝑟 = 0 , loss of observability. 

 

• IPMSM Case: 

 

𝐷1 = (
𝑃𝜙𝑑

𝐿𝑞

)

2

𝑥3 (24) 

 

For IPMSM D1  is dependent on 𝑥3 and 𝜙𝑎. 

For ωr ≠ 0, the IPMSM observability is guaranteed. 

For 𝜔𝑟 = 0, loss of observability. 

According to this study and based on novel 

electromechanical model we remark that the IPMSM 

observability cannot be achieved except when the speed is not 

zero. However, the condition 𝜔𝑟 = 0  is not sufficient for 

concluding that the SPMSM and IPMSM are not observable. 

There are many ways to recover the observability as the higher 

order derivatives and injecting the HF current, which we will 

address in future studies. 

 

3.2 Back-EMF model observability 

 

Assuming that ω̇r = 0 , the equations of IPMSM with 

respect to the currents and EMF can be written as: 
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(25) 
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The voltages 𝑢𝛼 , 𝑢𝛽  and the currents 𝑖𝛼 , 𝑖𝛽  are measured 

quantities. 

To analyze the observability of the system (28), the state 

input and output vectors are defined as follows: 
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The calculus of the first order derivative gives the following 

matrix: 
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0010
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(26) 

 

The determinant of the matrix D2 is:  

 

2
1

2
q

L
D =

 

(27) 

 

Based on the back-EMF model, it can be deduced that the 

both SPMSM and IPMSM are observable even at zero speed. 

However, at zero speed the EFM are zero, accordingly the 

position is undetermined (unobservable) in this case.  

 

 

4. SLIDING MODE OBSERVER DESIGN 

 

To determine the sliding mode observer, we consider that 

�̇�𝑟 = 0. In order to improve the estimation at low speed a first 

order sliding mode observer is proposed and designed through 

the model of IPMSM described by Eq. (25) as follows: 

 

        

)(2ˆˆˆcosˆ
ˆˆ

)(2ˆˆˆsinˆ
ˆˆ

)(1
ˆsin

ˆ1
ˆ

1ˆ
ˆ

)(1
ˆcos

ˆ1
ˆ

1ˆ
ˆ





















++=

+−−=

+−−+−=

+−−+−=













isignKαerωPθrωP
dt

ad

dt

βed

isignKβerωPθrωP
dt

ad

dt

αed

isignKθ
dt

ad

qLβe

qLqL

βu

βi

qL

R

dt

βid

isignKθ
dt

ad

qLαe

qLqL

αu

αi

qL

R

dt

αid

 

(28) 

 

where, 𝑖̂𝛼 , 𝑖�̂�  are the estimated currents, 𝑖̄𝛼 , 𝑖�̄�  are the 

estimated errors of 𝑖𝛼  and 𝑖𝛽  respectively. �̂�𝛼 , �̂�𝛽  are the 

estimated back EMF and 𝐾1 and 𝐾2 are the oberver's gain. 

The estimated position �̂� and speed �̂�𝑟 are therefore simply 

obtained from Eq. (17) as follows: 
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(30) 

 

4.1 Stability analysis 

 

To study the stability of the observer system, the step by 

step method described by Boukhobza and Barbot [26] has been 

adopted. To reach this objectif, let the active flux be constant 

ie �̂�𝑎 = 𝜙𝑎=const. 
The current error dynamic obtained by the following 

expressions: 
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(31) 

 

To achieve stability of the system, we must in the first step 

demonstrate the convergence of stator current.  

Let V the Lyapunov function defined by the following 

equation 

 

𝑉 =
1

2
(𝑖�̄�

2 + 𝑖�̄�
2) (32) 

 

The differentiation of the previous equation must verify that: 
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Inserting (31) in (33), it results: 
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(34) 

 

For the analysis of the system stability, we have to guarantee 

that �̇� < 0 this is achieved if the following relation is taken 

into account: 
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which implies that: 
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(36) 

 

According to (36), there exists a choice of 𝐾1 such that the 

error dynamics, 𝑖̄𝛼 , 𝑖�̄�  converge to zero. Consequently 

𝑙𝑖𝑚 𝑖̄
𝛼 = 0 and 𝑙𝑖𝑚 𝑖̄

𝛽 = 0when 𝑡 → ∞. 

Let us now define the back EMF error equation:  
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(37) 

5



 

According to the observer stability analysis study such as 

discussed by Ezzat [27] and Sosse Alaoui [28], the back EMF 

errors componnents can be expressed as follows: 
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(38) 

 

where, 𝑠𝑖𝑔𝑛𝑒𝑞(. ) defined as the continus equivalent function 

of the 𝑠𝑖𝑔𝑛(. ) function on the sliding surface when 𝑖̄̇𝛼 = 0 

and 𝑖̄�̇� = 0. 

Inserting (38) in (37) we obtain the following equations: 
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(39) 

 

These equations can be rewritten from (38) as: 
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(40) 

 

By using �̄�𝛼 = 𝑒𝛼 − �̂�𝛼, �̄�𝛽 = 𝑒𝛽 − �̂�𝛽, �̄�𝑟 = 𝜔𝑟 − �̂�𝑟, (40) 

can be rewritten as: 
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(41) 

 

To prove the stability of (41), the new following Lyapunov 

function is defined as: 
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The derivative of this function is: 
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Inserting (41) in (43) we obtain: 
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The stability of the system is guaranteed if:   

 

)max(
2 b

a
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(45) 

 

where, 

 

𝑎 = −𝑃�̄�𝑟(𝑒𝛽�̄�𝛼 − �̄�𝛽𝑒𝛼), 𝑏 =
(�̄�𝛼

2+�̄�𝛽
2)

𝐾1𝐿𝑞
 (46) 

 

So, according to the choice of 𝐾1 , 𝐾2  can be choosen to 

satisfy (45). 

 

 

5. SIMULATION RESULTS AND DISCUSSIONS 

 

In order to evaluate the performance of the proposed 

sensorless control, a simulation study has been carried out 

where the vector control algorithm described in Figure 2 is 

performed. The optimal behavior of IPMSM control is carried 

out by adopting the conventional strategy of zero d-axis 

current (id=0) to make the task easier. The IPMSM parameters 

are given below: 

 

R=4.95Ω, Ld=0.04159H, Lq=0.05706H, J=0.010 S.I, P=3, 

f=0.00204, ϕf=0.4832Wb. 

 

 
 

Figure 2. Block diagram of the vector control scheme with 

speed and position observer 

 

 
(a)                                          (b) 

 

Figure 3. (a) Actual and estimated speeds of IPMSM; (b) 

Error speed 

 
 

Figure 4. Actual and estimated rotor position of IPMSM 

 

All simulation results are shown in figures from Figure 3 to 

Figure 9. They are given to show the efficiency of the sliding 

mode based sensorless speed control of IPMSM in a wide 

speed range.  
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Figure 5. Active flux estimated 

 

 
 

Figure 6. 𝑖 ̂𝑑 𝑖 ̂𝑞 estimated currents 

 

 
(a)                                                         (b) 

 

Figure 7. (a) Actual and estimated speeds at +50R% (b) 

Error speed at +50R% 

 

 
 

Figure 8. Actual and estimated rotor position of IPMSM at 

+50R% 

 

 
 

Figure 9. 𝑖 ̂𝑑 𝑖�̂� estimated currents at +50R% 

 

The motor starts from 0 rad/s to 30 rad/s. After that 

acceleration from 30 rad/s to 150 rad/s over the rated speed is 

realized at t=3s. A load of 5 Nm is applied to the motor at 

t=5s.This causes instantaneous reduction of the speed. Finally 

deceleration from 150 rad/s to 5 rad/s is simulated. This figure 

demonstrates the effectiveness of the observer estimation in 

the wide speed range.  

The rotor speed estimation shown in Figure 3 (a) and 

estimated position shown in Figure 4 tracks the actual rotor 

speed and the real position respectively 

it can be noticed that the proposed SMO works very well in 

the very low speed region. We note also that the expected 

speed error shown in Figure 3(b) becomes zero after few 

seconds 

Figure 5 presents the corresponding active flux curve. It can 

be noted that it is always constant in steady state regime and 

equal to that induced by the permanent magnet because the d-

axis current is maintained to zero.  

Figure 6 shows 𝑖̂𝑑 and 𝑖̂𝑞estimated currents component. It 

appears that the stator current was well controlled showing the 

performance of current regulator in the proposed sensorless 

control structure.  

The stator resistance variation test is introduced to verify the 

robustness of the proposed feedback control. It can be seen 

from Figure 7 to 9, that SMO is still able to obtain good 

estimation of position and rotor speed of IPMSM even if +50% 

resistance variation occurred.  

We can conclude from previous simulations results that the 

sliding mode observer provides good estimation of position 

and rotor speed for wide speed range particularly at low speed 

with and without load. 

 

 

6. CONCLUSION 

 

To overcome speed sensors issues such as cost and 

vulnerability, a Sliding Mode Observer for Sensorless Speed 

Control of IPMSM Based on Active Flux Concept has been 

proposed. Some advantages can be cited for this method. 

Among these advantages, the active flux concept was used to 

reduce the IPMSM dynamical model complexity in the (α,β) 

reference frame and to facilitate SM observer design. From 

this study, one can conclude the effectiveness of sliding mode 

observer and a good performance at low speed range when 

motor parameter variations occurred. The simulation results 

confirm the effectiveness of this approach. 
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APPENDIX 

𝑢𝛼 , 𝑢𝛽 Voltage on the fixed coordinate 

𝑖𝛼 , 𝑖𝛽 Current on the fixed coordinate 

wr Mechanical rotor speed 

 Rotor position

R Stator resistance 

p Differential operator 

KE EMF constant 

M Mutual inductance 

Ld d-axis inductance

Lq q-axis inductances

Te Electromagnetic torque

P Number of pole pairs

f Rotor flux

d Active flux 

Tl Load torque 

J Moment of inertia 

f Friction coefficient 

IPMSM Interior permanent magnet synchronous motor 

SPMSM Surface permanent magnet synchronous motor 

SMO Sliding mode observer 

EMF Extended back-electromotive force 
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