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Abstract   This paper describes the robust optimal incremental motion control of a current 
sensorless synchronous reluctance motor (SynRM), which can be specified by any desired speed 
profile. The control scheme is a combination of conventional linear quadratic (LQ) feedback control 
method and sliding mode control (SMC). A novel sliding switching surface is employed first, that 
makes the states of the SynRM follow the nominal trajectories (controlled by any type of nominal 
controller) when the motor parameter uncertainties and the disturbance load torque exist. The SM 
controller has no reaching phase and produces small SMC chattering. Then, using the above tracking 
controller, the well-known torque control schemes, maximum torque (MTC), constant current 
inductive axis control (CCIAC) and maximum power factor control (MPFC) related to the SynRM are 
examined below and above the base speed.  Finally the validity of our proposed control scheme is 
verified by computer simulation results. 
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 يک موتور سنکرون     )Incremental Motion(  اين مقاله کنترل بهينه و مقاوم حرکت قطعه به قطعه              چكيده    چكيده    چكيده    چكيده    
 روش. دهد  بدون نمونه بردار سرعت در ازاء يک مشخصه سرعت تعريف شده را شرح می(SynRM)رلکتانسی 

  و کنترل کننده حالت لغزشی      (LQ) حالت موسوم به      کنترل ترکيبی از روشهای کنترل خطی سازی با فيدبک         
 را  (SynRM)شود که تعقيب مسير حالت نامی موتور          ابتدا يک سطح لغزشی جديد بکار گرفته می        . باشد مي

کنترل کننده ترکيبی لغزشی دارای شوريدگی      . آورد نسبت به نامعينی های پارامتری و اغتشاش گشتاور فراهم می         
 با اين کنترل کننده، راهکارهای کنترلی ماکزيمم گشتاور، ثابت نگاهداری            سپس. باشد میکم و فاقد فاز رسيدن      

 در زير و بالای سرعت پايه در نظر           SynRM جريان محور مستقيم و ماکزيمم ضريب توان مربوط به موتور           
ری مورد  در نهايت، برقراری و صحت روش کنترل پيشنهادی ما طی يک شبيه سازی کامپيوت               . شوند گرفته می 

 .گيرد آزمايش قرار می
 

 
1. INTRODUCTION 

 
The high performance inverter-fed synchronous 
reluctance motor drive due to a number of its 
benefits such as simplicity of construction and 
control, high efficiency and low cost has attracted 
interest as an alternative for ac drive [1,2,3]. 
     During the last two decades, many researchers 
have tried to present the more advanced control 
schemes by combining sliding mode control and 
fuzzy control [4,5]. Sliding mode variable structure 
control (SMVSC) has some favorable advantages, 
such as its insensitivity to parameter uncertainties 
and external disturbances. Only the bounds of the 

uncertainties are needed. The robustness of this 
control is guaranteed, but the worst drawback is 
the chattering, which limits the application of 
SMSC [5]. Even so, there are still a few 
researchers focusing their attention on the position 
control of SynRM using sliding mode control 
strategies [6,7]. Sliding mode variable structure 
control (SMVSC) has some useful gains, such as 
its insensitivity to parameter uncertainties and 
external disturbances [5]. In [6], an optimal control 
scheme has been presented for position control of 
the SynRM in which the classical linear quadratic 
(LQ) feedback control method and the totally 
variable structure control (VSC) were combined. 
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Using this controller, simulation and experimental 
results were obtained for the control scheme 
maximum torque control (MTC) related to the 
SynRM. 
     In some control applications, such as robot, 
elevator and machine tool drives, it is needed to 
move a given load, stop it at a specified position 
and hold it there until a subsequent motion 
command is initiated. In such a condition, to make 
sure of moving the load to specified position at 
specified time, a desired velocity profile (most 
commonly the trapezoidal velocity profile) must be 
designed beforehand. This kind of start-stop 
motion is called the incremental motion control. 
Reference [7] has solved a particular incremental 
motion control problem, which is specified by a 
trapezoidal velocity profile. Using a multi-segment 
sliding mode control, each segment of the multi-
segment switching surfaces has been derived to 
match the corresponding part of the trapezoidal 
velocity profile. To the best of our search, no more 
published paper or report was found which 
describes the speed tracking control of the SynRM. 
     In our belief,  the multi-segments SMC 
presented in [7] has the following disadvantages: 
1) The controller cannot track any desired 
velocity profile except one described in [7]. 
2) The multi-segments SM controller of [7] has 
been developed based on the SynRM nominal 
system in order to track a specified trapezoidal 
velocity profile and therefore is not capable of 
making the SynRM states follow the nominal 
trajectories when the parameter uncertainties and 
the external load torque occur. 
3) Simulation and experimental results presented 
in [7], show a large SMC chattering and high 
transient currents. These are almost produced by 
the multi-segments SMC, used in [7], that forces 
the SynRM nominal states on to the complicate 
and non-conventional sliding mode switching 
surfaces. 
4) In [7], only the control strategy maximum 
torque (MTC) related to the SynRM was examined 
below the base speed. With reference to [3], the 
SynRM MTC strategy cannot be maintained as the 
load torque continues to increase since at some 
points the flux established in the direct axis begins 
to exceed its rated value. 
To overcome the above problems, this paper 
presents the following control method for the rotor 

speed and position tracking objectives of the 
SynRM. 
i) The LQ feedback control method and SM 
control are combined to develop a new type of 
composite speed tracking controller for the SynRM 
perturbed system. A novel sliding surface is 
employed which is based on an augmented system 
whose dynamics have a higher order than that of 
the original system [8], the SynRM can be 
incremental motion controlled for any desired 
speed reference profile below and above the base 
speed. As a result, any type of controller, which is 
differentiable, can be a nominal controller. The 
composite controller has no reaching phase and 
produces small SMC chattering.  
     In the SynRM nominal system condition, the 
motor nominal trajectories always lie on the sliding 
surface and controlled by the LQ feedback control 
method. The LQ feedback controller, because is 
derived based on linear optimal control method, 
therefore it guarantees a perfect speed and rotor 
position tracking objectives for the SynRM 
nominal system.  
     In the perturbed system condition when the 
parameter uncertainties and disturbance load 
torque exist, an extra control effort is generated by 
the SM controller that forces the perturbed system 
trajectories on to the sliding surface or in other 
words makes them follow the system nominal 
trajectories. 
ii) Control scheme maximum torque (MTC) 
related to the SynRM is selected first, and as the 
load torque begins to continues, this strategy is 
automatically changed into the constant current 
inductive axis control (CCIAC) scheme, followed 
by maximum power factor control (MPFC) 
strategy 
iii) The estimated currents are used for the 
SynRM motion control. A current sensor less 
SynRM drive system has been described in [9] 
where the transient response of currents and the 
limitation of the inverter available voltage have not 
been taken in account. In the present current 
sensorless SynRM, the transient response of the 

axesdq −  currents are arbitrarily designed while 
the constraint of the available voltage of the 
inverter is also taken into account. 
iv) A two level SV-based PWM is used to 
feed the SynRM drive system [10]. This inverter 
compared to current controlled or bang-bang PWM 
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inverter used in [7], has less harmonic contents and 
in addition it provides a better utilization of the 
available dc link voltage. The remainder of this 
paper is organized as follows: in section II, the 
SynRM model and different torque control 
strategies related to this motor are explained. The 
SynRM currents estimation is described in section 
III and in section IV, LQ and SM controllers are 
explored. System simulation is show in section V 
and finally in section VI, conclusions are 
presented. 
 
 
 

2. SYNRM SYSTEM MODELING 
 
With reference to [3], the rotor :rr qsds −  axes 
equations for the SynRM are described by 
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where r

dsv  and r
qsv  are the :rr qsds −  axes stator 

voltages, r
dsi  and r

qsi  are the stator two axis 

currents, dL  and qL denote the SynRM inductances 

and eω  is the rotor electrical angular velocity. 
Also, the motor torque is 
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where P is the number of stator poles,δ  is the 
angle of stator current vector si  relative to the 
rotor d axis. In addition, the motor mechanical 
equations are 
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where mJ  is the rotor moment of inertia, mB  is the 
friction coefficient, mθ  is the rotor displacement 
angle in mechanical degrees, mω  is the  rotor 
angular velocity and lT  denotes the motor load 
torque. 
 
2.1 SynRM Torque Control Schemes 
Ignoring the SynRM copper and iron losses, the 
torque control schemes related to this motor are 
described as follows [3] 
 
a) MTC with o45=δ  and 2

ste iKT =  
 
with 
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24
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b) CCIAC or dsi  constant. 
 
c) MPFC 
 
with 
 

q

d

L
L1tan −=δ  (8) 

 
d) Maximum rate of change of torque (MRCTC)  
With 
 

q

d

L
L1tan −=δ  (9) 

 
Using Equations 3-4, assuming the CCIAC control 
strategy, the SynRM torque equation is  
 

r
qste iKT =  (10) 

 
The MTC strategy can not maintained as load 
torque continues to increase since at some points 
the flux established in the d axis by dsI begins to 
exceed the motor rated flux under the maximum 
power factor condition (rated condition). 
 

dratededsds XI λω=  (11) 
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Then, the SynRM MTC scheme must be changed 
into CCIAC scheme while the q axis current qsI  
continues to increase until the MPFC strategy is 
reached based on the following equation. 
 

q

d
dsqs L

LII =  (12) 

 
2.2 SynRM Field Weakening Mode Of 
Operation   Because no interaction torque exists 
in a SynRM, therefore the field weakening in 
SynRMs is more difficult than a separately excited 
dc machine or a vector controlled induction motor 
drive. Nevertheless, a constant power characteristic 
can be achieved in the following way. Assume the 
stator flux linkage *

)(basesλ at the base speed and 
under the SynRM maximum power factor (rated 
condition), therefore the stator flux linkage in the 
field weakening region for rotor speed be ωω >  is 
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Reference [3] has shown that the maximum field 
weakening range for constant stator flux of the 

SynRM is described by: 
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Also, in sinusoidal steady-state condition 
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From Equation 15, for the motor constant torque 
mode of operation 
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And in the field weakening region 
 

besbs forVV ωω ≥=   (17) 
 
Linking Equations 15 and 17, it yields 
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Figure 1. Showing elliptical boundaries for the current vector I s for the caste We = 1.1 wb. 
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Equation 18 explains an ellipse on the qd −  plane 
with the major axis on the −q axis and minor axis 
on the d  axis. Figure 1 shows that the size of this 
ellipse begins to decrease inversely with the square 

of the frequency ratio 






b

e

ω
ω . 

     Assuming that the maximum current amplitude 
must remain fixed at the value defined by the base 
or rated condition, fixes the range of operation on 
the ellipse for any frequency. 
In this case, the maximum current for each speed is 
chosen as that value, which will produce the 
SynRM rated power. 
 
 
 

3. SYNRM CURRENTS ESTIMATION 
 
Using Equations 1-2, the motor currents are 

estimated as: 
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where r

dsv*  and r
qsv* are d-axis and q-axis 

components of the PWM inverter voltage reference 
command. dsi~  and qsi~  currents are used for the 
SynRM motion control. Equations 19 and 20 are 

 

PI  

PI  

Current Simulator 

Decoupling Current Controller 
r

dsv*  

r
qsv*  

r
dsv*  

r
qsv*  

dsimi  

qsimi  

dv~  

qv~  

0dv  

0qv  

Current 
Simulator using 
SynRM d and q 

axes 

EMF  
Calculator 

+ 
_ 

+ 
_ 

+ 
+ 

+ 
+ 

+ 
_ 

+ 
_ 

mω  
 

 
Figure 2. Block diagram of current simulator. 
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implemented in a current simulator as shown in 
Figure 2. 
     In Figure 2, the voltages dv~  and qv~  are the 
output signals of two conventional PI  current 
controllers, which are described in Section 6. 
     From Figure 2, one can see that the reference 
voltages r

dsv*  and r
qsv*  are used to estimate the 

SynRM currents. In the other hand, in a two level 
three-phase SV-based PWM inverter [10] 
 

2*2* )()(..
2
3 r

qs
r

dsdcref vvVmV +== (22) 

 
where m is the modulation index and dcV and refV  
are respectively the dc link and  the  inverter  
reference voltages. From Equations 19-22, it can 
be concluded that in the current estimator of Figure 
2, the transient state of the motor currents and the 
limitation of the inverter available voltage are 
simultaneously taken into account 
 
 
 

4. ROTOR SPEED TRACKING 
CONTROLLER 

 
4.1 Nominal Control Input   A robust optimal 
speed tracking control is derived for the SynRM 
perturbed system in the following way. The 
tracking controller is robust and stable subject to 
the parameter uncertainties and the external load 
torque. Using Equations 4, 5 and 6, the mechanical 
state-space model of the SynRM in canonical form 
is: 
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Assume that refθ  and refω  respectively are the 
rotor speed and position reference commands, then 
the deviation form of Equation 23 becomes 
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with reference to [6], the linear quadratic feedback 
control method (LQ) is easily able to achieve the 
dynamic system requirement for a linear control 
system. Consider Equation 24, the performance 
index for the SynRM nominal system is 
 

∫
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where r  is a positive constant and Q  is a positive 
definite matrix. The choice of elements of matrix 
Q  and positive constant r must take the physical 
condition for the motor system in to consideration. 
Usually, the smaller r is, the larger the control feed 
back and control law will be. By introducing a co-
state variable vector P , the SynRM state model of 
(24) and the cost function (26) are appended to 
form the following Hamiltonian generalized co-
energy function. 
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Applying Pontryagin’s maximum principle [11], to 
Equation 27, defining the vector P as 
 

xSP =  (28) 
 
where S  is the solution of the Riccatee equation 
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Then, optimal control input for the SynRM 
nominal system is 
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where K  is the vector of gains. 
 
4.2. Curbing Control Input   In the perturbed 
system condition, steady-state error would exist if 
the drive system control were derived based on the 
LQ feedback control method. In such a condition, 
the SynRM system model is 
 

pbuAxx ~++=&  (31) 
 
where p~ is the lumped uncertainty and is defined 
by 
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To conserve the responses and reject the effects of 
the external disturbance and parameter 
uncertainties, a sliding mode controller with a new 
sliding switching surface is developed [8]. The 
sliding surface is derived based on an augmented 
system, which has a virtual state. The virtual state 
is obtained from the controllable canonical form of 
the nominal system. Consider the controllable 
canonical form of the nth-order system as 
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where rn RfRuRx ∈∈∈ ,,  and the bounded 
uncertainties BA ∆∆ ,  and the disturbance 
matrix D  satisfying the following matching 
condition 
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The novel virtual state is described by 
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where 

),( 00 txu  is a nominal regulating control input and 
differentiable .For this augmented system, the 
sliding surface is chosen as 
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where )(tu  is the SMC  control input that 
guaranties the sliding mode on the sliding surface . 
Using Equation 24, the virtual state and the 
augmented system for the SynRM is obtained as 
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From Equation 37, the novel sliding surface, is 
given by 
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where )(0 tu&  is obtained by the derivative of (30) 
with respect to time t. 
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with 
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With reference to Equation 36, the virtual state x~  
must be chosen as 
 

2
~ xx &=  (42) 
 
As a result, the states of Equation 31 on the novel 
sliding mode surface of Equation 39 have the same 
dynamics that are obtained from the nominal 
system equation shown in Equation 31. 
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     To force the system states curb on to the novel 
sliding surface, the SM reaching condition must be 
satisfied by: 
 

0)~,()~,( <xxSxxS&  (43) 
 
With reference to [8], using Equations 25 and 39-
42, the following input guaranties the validity of 
Equation 43. 
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where 
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And 21,γγ  and 3γ  are the positive constants 
satisfying the following conditions: 
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In order to reduce the SMC chattering, one easy 
solution may be replacing the sign function, 

)sgn(S , by a boundary layer saturation function as 
[12]. 
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5. SYSTEM SIMULATION 
 
Block diagram of Figure 3 is proposed for rotor 
speed and position tracking objectives of the 

current sensorless SynRM drive system. This 
figure shows that the supply voltage of the motor is 
synthesized from the stator :rr qd −  axes voltage 
commands ),( **

qsds vv , using a two level space 
vector modulation SVM-based PWM inverter. In 
addition, this figure also shows that as the load 
torque continues to increase, the torque control 
schemes MTC, CCIAC and MPFC related to the 
SynRM are automatically selected. Moreover, a 
current estimator is also used to detect the motor 
currents. Furthermore, the rotor speed and position 
are sampled by high-resolution digital sensors. 
     A ++C step-by-step computer language 
program was developed to model the drive system 
control of Figure 4. In this program, the system 
dynamic equations are solved using a static Runge-
Kutta fourth order method. Variable to solve for 
are rqsds ii θ,, and rω . Flow chart of this program 
is illustrated in Figure 4. 
     Computer simulation results obtained for a 
SynRM with parameters shown in Tab.1. Using 
these parameters, the LQ feedback controller gains 
were calculated as: 
 

TK ]62.31,68.31[=  
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In addition, the coefficients of PI  and composite 
SM controllers obtained by trial and error method 
and are shown in Tab.2. Consider the SynRM 
nominal system and a specified sinusoidal speed 
profile, using the SynRM CCIAC  scheme, 
simulated results of Figures 5 and 6 respectively 
obtained by the LQ  and composite SM  
controllers for a step load torque disturbance of 3 
N.m, dnd LL 7.0=  and nJJ 5= , (applied at 2.5 
sec.). From these results, one can see that with the 
LQ feedback control method, steady-state error 
will exist in the SynRM rotor position tracking but 
the composite SM controller, a stable, robust and 
reliable rotor speed and position tracking control 
can be achieved for the SynRM perturbed system. 
     Assuming a specified trapezoidal velocity profile 
and the same conditions used to obtain the results 
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of Figures 5 and 6, but with nJJ 5=  applied at 4 
sec, a simulation test was also carried out to 
demonstrate the SynRM performance below and 

above the base speed. The results of this test are 
shown in Figures 7 and 8. In addition, the PWM 
inverter simulated results are given in Figure 9. 
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Figure 3. Block diagram of SynRM drive system control. 
 
 

TABLE 1. SynRM Parameters. 
 

 nP  W1120   sr   Ω91.0   mJ  01.0 2Kgm    

 nV  V230  dsL   mH135   mB  smN ..002.0  

nf   Hz60  qsL  mH50    rr   Ω≅ 0  

P   poles4            nI  A6.6     

 
 

TABLE 2. Coefficients of the Conventional PI  Controllers and the Proposed SMC. 
 

The coefficients of the proposed SMC 5.11 =γ  902 =γ  80003 =γ  
The coefficients of PI controllers 320=PK  450=IK   
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Figure 4. Computer flow chart. 
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6. DISCUSSION 
 

With reference to Figure 5 (2), the steady-state 
error that exists in the SynRM rotor position is 
because of the LQ feedback controller, which is 
not robust to the system uncertainties and the 
external disturbance. From simulated results shown 
in Figures 6 and 8, one can conclude that the 
proposed tracking controller is capable of making 
in the SynRM perturbed system states follow the 
nominal system trajectories. The high frequency 
oscillations seen on these figures are produced by 
the inverter harmonics as well as by the SMC 
small chattering. In addition, in Figures 6 (3) and 8 
(3), the notches are caused by the step changes that 
exist in the motor acceleration and load torque 

reference commands. Furthermore, from Figures 7 
(2) and 7 (3) or Figures 8 (8) and 8 (9), it is seen 
that the SynRM drive system, initially operates in 
its MTC scheme and as the load torque continues 
to increase, this strategy is automatically changed 
into the CCIAS and MPF control schemes related 
to this motor.  
 
 
 

7. CONCLUSIONS 
 

Robust optimal speed and position tracking control 
of a current sensorless SynRM drive system has 
been described. The torque control schemes, MTC, 
CCIAC and MPFC related to SynRM has been 
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Figure 5. SynRM speed tracking control assuming a sinusoidal velocity profile using the LQ  controller: 
(1) Rotor speed with LQ controller, (2) Rotor position with LQ controller, (3) Rotor speed error with LQ controller and 

(4) Rotor speed error with LQcontroller. 
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examined below and above the base speed. The LQ 
feedback control method and SM control method 
have been combined to develop a new type of the 
rotor speed and position tracking controller for the 
SynRM perturbed system The composite controller 
employs a novel third order sliding surface that 
makes the motor perturbed system states follow the 
nominal trajectories. The nominal trajectories are 
controlled by the LQ feedback control method. The 
novel SM controller has no reaching phase and 
produces a small SMC chattering. 
     The specified sinusoidal and trapezoidal speed 
reference profiles were tested by digital simulation. 
Computer simulation results obtained, confirm the 
effectiveness of the proposed control method. A 
current estimator has also been presented in which 

the motor current transient states and the limitation 
of the inverter available voltage are s taken into 
account simultaneously. 
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Figure 6. SynRM incremental motion control assuming a sinusoidal velocity profile using the proposed composite SMC  
(1) Rotor speed with composite SMC, (2) Rotor position with composite SMC, (3) Rotor speed error with composite SMC and 

(4) Rotor position error with composite SMC. 
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Figure 7. SynRM incremental motion control below the base speed, assuming a specified trapezoidal velocity profile using the 
composite SMC: (1) Motor torque, (2) Stator d  axis current, (3) Stator q  axis current, (4) Rotor speed, 

(5) Rotor position, (6) Speed error (rad/s) and (7) Position error (rad). 
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Figure 8. SynRM incremental motion control above the base speed, assuming a specified trapezoidal velocity profile using 

the composite SMC: (1) Rotor Speed, (2) Rotor Position, Speed error (rad/s), (4) Position error (rad/s), (5) Sliding function and 
(6) Composite SMC input signal. 
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Figure 8 (continued from previous page). SynRM incremental motion control above the base speed, 

assuming a specified trapezoidal velocity profile using the composite SMC: (7) Motor torque, 
(8) Stator q  axis current and (9) Stator d  axis current. 

 
 
 

 
 
 

Figure 9. Output phase and line voltages of the two level SV-based PWM inverter. 
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