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Introduction

In recent years, the synchronous reluctance motor (SynRM)
received much attention for many applications due to its simple
and rugged construction [1-3]. A SynRM is advantaged on induc-
tion motor by the absence of rotor copper losses, on brushless
motors by inexpensive rotor structure, and on switched reluctance
motor by a much lower torque ripple and low noise. Compared to
surface type permanent magnet synchronous motor (SPMSM), it
is capable of high-speed operation and for use in high-temperature
environments. The earlier designs of SynRMs have limited saliency
ratio, which results in low power factor and low torque density.
However, these drawbacks have been overcome by introducing
axially laminated rotor designs. Moreover, in an inverter-fed
SynRM, cage windings are not required for starting purpose.
Accordingly, it becomes possible to design rotors of higher saliency
ratio. From control point of view, a SynRM has some advantages
such that it can be considered an alternative to induction motor in
many applications, such as in robotics, traction and low-cost
drives. Also the SynRM is suitable for super high-speed applica-
tions in machine tools and molecular pumps [4].

For high performance SynRM drive, it is desirable to achieve opti-
mum operation at maximum torque per Ampere (MTPA), high
efficiency and maximum power factor [4, 5]. Detailed discussions
and analysis of the control of a SynRM is given in reference [6].
The analysis is restricted to the ideal motor, in which saturation
and iron losses are ignored. However, the control of the SynRM is
highly affected by both magnetic saturation and presence of iron
losses [7]. Accurate representation of saturation effects requires
detailed knowledge of magnetic behavior in both d and q axes
along with cross-saturation at different operating conditions. Due
to the high reluctance associated with q-axis, it may be sufficient
to consider magnetic saturation in d-axis only. The iron loss is
considered in the SynRM by adding a shunt resistor in both d and
q equivalent circuits. Some research efforts have been done to
compensate for the saturation and iron losses in the vector con-
trolled SynRM model. A compensated vector control scheme has

been proposed in [8]. Two current observers are used to allow for
the difference between the stator currents and the currents that
govern the developed torque. Neglecting iron loss, the effect of
magnetic saturation on control of the SynRM has been discussed
[9]. It is assumed that d-axis and q-axis inductances saturate to the
same level under all operating conditions. In [10], the motor
parameters are online estimated on the basis of (RLS) method,
only using the proposed mathematical method and motor mea-
sured currents and voltages. In [11], the iron losses resistance is
obtained by no load test and the magnetic saturation is considered
through a lookup table which shows the variation of direct axis
inductance versus direct axis current while the little effect of mag-
netic saturation on parameter Lq is ignored.

Although many papers discuss the direct torque control (DTC) of
induction motors [12-14], only a few papers study the DTC for
SynRMs. For example, Consoli et al. [15] proposed a sensorless
torque control for SynRM Drives. In this paper, however only PI
controllers were used. As a result, the transient responses and load
disturbance responses were not satisfactory. To solve the problem,
in [16] an adaptive backstepping controller and a model reference
adaptive controller were proposed for a SynRM direct torque con-
trol system. By using the proposed controllers, the transient
responses and load disturbance rejection capability are obviously
improved. However, in these conventional DTC schemes, the
SynRM torque is indirectly regulated through the d and q axis ter-
minal currents control, as in other types of a.c. motor drives, and
thus, the high performance of the internal current loop is indis-
pensable. Several difficulties in high dynamic current control can
be encountered due to the limitation of inverter voltage and its
switching frequency, the cross-coupling effects between d and q
axis currents, the saturation of each current controller, and so on.
If the iron losses of the SynRM are considered, these effects
become more severe. The nonlinearity and coupling effects
between the terminal currents and torque currents result in the
deterioration of the torque dynamic performance and linearity of
torque control. To overcome the above drawbacks, in [17] a non-
linear method capable of high dynamic torque control of SynRM
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has been described based on input-output feedback linearization
(IOFL) DTC space vector modulation (DTC-SVM). In the pre-
sented scheme, the efficiency optimization criterion and the motor
torque are chosen as output variables and two-axis inductances
and stator resistance (Rs) are assumed constant. Since the torque
can be regulated directly by selecting the product of d and q axes
torque currents as one of the output variables, the nonlinear and
cross-coupling aspects between the d and q axes torque currents
and the terminal currents due to the iron losses can be eliminated.
Hence, the linear torque-speed characteristic can be achieved. 

In general, the variation of stator resistance due to changes in tem-
perature or frequency deteriorates the drive performance by intro-
ducing errors in the estimated d and q axis stator fluxes.  IOFL
technique also, requires the full knowledge of the motor parame-
ters with sufficient accuracy. Several control schemes have been
proposed to overcome this issue [18, 19]. These methods suffer
from shortcomings such as restriction of the control range,
problem of convergence and a lack of speed of response. A novel
study [20] proposed the use of stator current error with a propor-
tional plus integral (PI) estimator, presenting a good performance
for tuning the stator resistance of an induction motor drive. The
main concept of this method of stator resistance compensation
using stator current phasor error has been applied in permanent
magnet synchronous motor drives [21]. In [21], the error between
actual and reference currents is processed through a PI controller.
This, in fact, determines the change in the controller effort when
stator resistance changes for some reason.  

The main purpose of this paper is to introduce a nonlinear con-
troller for SynRM drive on the basis of IOFL by continuing the
research work described in [17] for the following gains:

– to implement of MTPA and minimum input motor KVA rating
control strategies, besides of efficiency-optimized scheme experi-
mented in [17];
– to include saturation effects  and stator resistance variations
besides of iron loss considered in [17].

The stator resistance is predicted by a PI estimator in this paper.
This estimator observes the error between reference and actual
fluxes and online determines the stator resistance variations corre-
sponding to this error. To confirm the validity of the presented
approach, simulation and experiments are carried out. 

SynRM model including iron losses

In the synchronously rotating reference frame, the d and q axes
equivalent circuits for the SynRM, including iron losses, are
shown in Fig.1 [11]. Note that the resistance Ri represents the iron
losses connected in parallel to both rotational and transient back
EMF in this figure. From the equivalent circuit, we obtain that the
electromagnetic torque Te is proportional to the vector product of
flux linkages and currents and can be obtained as (1), where  P
denotes the number of poles, Ld and Lq represent d and q axes induc-
tances, respectively. Since Ri supplies an additional current path to
each axis equivalent circuit, the torque does not depend on measured
terminal current, ieds and ieqs, but on iedT and ieqT. Hence, the terminal
currents can no longer directly govern the torque.
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From Fig. 1, the currents that are responsible for torque produc-
tion, iedT and ieqT, can be described as (2) with respect to the termi-
nal currents ieds and ieqs

(2)

As shown in (2), very large value of Ri makes iedT and ieqT identical
to ieds and ieqs, regardless of rotational speed ωe. Therefore, the 
vector control of the SynRM with decoupled d and q circuits can
be easily performed and it can be easily determined that the 
optimal angle for maximum torque per Ampere is equal to 45° [6].
However, considering actual value of Ri produces the cross-cou-
pling effects between the d and q circuits in (2), resulting in an
additional angle shift between the torque current and terminal 
current vector as shown in Fig. 2 [7]. This misalignment brings
out the steady-state torque error and makes the optimal angle of
each strategy different from that of the infinite Ri case.
Consequently, for high dynamic torque regulation and every 
strategy of the SynRM when the iron losses are included, the com-
pensation of the cross-coupling term is required and the voltage
equations for the SynRM should be expressed using the torque
currents, rather than the terminal currents, as

(3)

(4)

Choosing iedT = x1, ieqT = x2, ωe = x3 as states and ve
ds = u1, ve

qs = u2
as inputs, the nonlinear dynamic model for the SynRM considering
iron losses can be described in the following standard state-
variable form:
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Fig. 1: Equivalent circuits for SynRM considering the iron
losses. (a) d-axis. (b) q-axis.
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where 

(6)

where Jm is he rotor moment of inertia and Bm is the friction coef-
ficient.

Note that the interactions between the d and q axes torque currents
and SynRM angular speed are modeled, and the whole system is
nonlinear and coupled.

Control objectives of SynRM strategies

In this paper, the three well-known strategies of SynRM (MTPA,
efficiency-optimized and minimum input KVA) are investigated
under the constraint of constant torque production. In MTPA 
strategy, the minimization of SynRM stator current, in efficiency-
optimized scheme, the minimization of input active power and in
minimum input KVA, the minimization of SynRM input apparent
power is selected as control objective. Based on Lagrange’s
Theorem, it can be easily found that each strategy is satisfied
when the torque curve and control objective curve are tangent at a
point. 

MTPA control 

The maximum torque per Ampere can be obtained by minimizing
the expression for the stator current under the condition of con-
stant torque production at a certain speed.

The square of the stator current I 2
s of the SynRM can be calculated as

(7)

where iedl and ieql are the currents responsible for iron losses, which
can be calculated as

(8)

Thus, the stator current vector can be expressed as (9) using (7-8)
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Efficiency-optimized control 

The maximum efficiency method can be obtained by minimizing
the expression for the power into the machine under the constraint
of constant power output.

The input power Pin of the SynRM is obtained as  

(10)

Using (3-8) in steady-state condition, Pin can be expressed as (11)

(11)

Minimum Input KVA  

In order to obtain an expression for the minimum input KVA, one
can minimize input apparent power Sin under the condition of con-
stant power output.

The input apparent power Sin of the SynRM is obtained as  

(12)

Using (2-12) in steady-state condition and ignoring Rs for simpli-
fication in following equations, Sin can be expressed as 

(13)

In this paper, the minimization of equation (9), (11) or (13) is
regarded as one of the control objectives under the constraint of
constant torque production. In Fig. 3, according to equation (1),
the constant torque curve can be drawn as a hyperbola on the  
x1 – x2 plane. On the same plane, at a speed, a curve representing
every strategy, takes the form of an ellipse. Under the constraint of
constant torque production, if an operating point is set at point “a”
in Fig. 3, the curve A is supposed to be a control objective curve
(for example, constant stator current curve). If an operating point
is set at “b”, the curve B is another control objective curve. Based
on Lagrange’s Theorem, it can be easily found that control objec-
tive is minimum when the torque curve and control objective
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Fig. 2 : The angle displacement between torque current (iedqT)
and terminal current (iedqs) vectors
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curve are tangent at a point if and only if their gradient vectors are
parallel. This means that ∇Te(x1, x2) must be a scalar multiple of
∇(I 2

s , Pin or S 2
in ) at the point of tangency (see “b” in Fig. 3), so that

in MTPA                                                                              (14)

in Efficiency-Optimized Control     (15)

in Minimum input KVA                                                             (16)

Where θ is the angle between ∇Te(x1, x2) and ∇(I2
s, Pin or S2

in).

Feedback linearization control of SynRM

By the state feedback linearization control, the nonlinear motor
system transforms into a linear one by a nonlinear feedback, and
then use the well-known linear design techniques to complete the
control design [22].

Selection of outputs

To achieve the control objectives, choosing the torque and the
magnitude of the cross product of ∇Te(x1, x2) and ∇(I2

s, Pin or S2
in)

as output variables, output vector [y1 y2]T can be defined as

(17)

MTPA strategy

(18)

Efficiency-optimized control strategy

(19)

Min. input KVA strategy

(20) 

Obviously chosen control strategy would be carried out when y2
can be maintained in zero value. 

Taking the time derivatives of these outputs, respectively, until
inputs ui, i = 1, 2 appear in the derivative expressions of each 
output variable are as follows:
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where Lfyi, i = 1, 2 is the Lie derivative of yi with respect to f. From
(21), the relative degree of each output variable is equal to one 
(r1 = r2 = 1). The total relative degree of the SynRM model is 
r = r1 + r2 = 2 and is not equal to the number of state variables.
Hence, there exist internal dynamics, which will be discussed
later. Lfyi and E(X) matrix can be derived straightforward and are
described in the Appendix II. This decoupling matrix E(X) is
found to be nonsingular over all operating regions except null
state by its determinant expressed in

in  MTPA

(22)

in Efficiency-optimized  (23)

in Min. input KVA (24)

The input–output feedback linearization and the decoupling con-
trol law can be selected as follows:
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By the input–output feedback lineariza-
tion control, the original nonlinear and
coupled SynRM system can be trans-
formed to an exact linear and decou-
pled closed-loop system with each pole
at the origin of the transformed state
space as

(26)

The overall block diagram of the pro-
posed control algorithm is shown in
Fig. 4. Given the torque reference T*

e,
the final d and q axes voltage refe-
rences ve*

ds and ve*
qs are generated through

the pseudo derivative feedback control
and the linearization stages. The phase
currents of the SynRM are transformed
into d and q axes currents on the syn-
chronously rotating reference frame
using the position information of the
SynRM. They are then converted 
into states for the proposed feedback 
linearization control.

Internal dynamics

In this paper, the nonlinear dynamics of
the SynRM can be decomposed into an
input–output part as (26) and an unob-
servable one by input–output lineariza-
tion technique because total relative degree is not equal to the
number of states. Since the stability of the whole SynRM dynamics
is influenced not only by the input–output part, but also by the
unobservable part, the behavior of the internal dynamics must be
investigated. The corresponding internal dynamics of the SynRM
in this paper can be given as (27), and the zero dynamics for
checking the stability of internal dynamics is given as (28), where
all outputs are maintained at zero. Although the zero dynamics are
marginally stable as (28), the actual dynamics are assumed to be
asymptotically stable due to the mechanical losses and viscosity
damping [22]. Therefore, the whole system is said to be asymp-
totically minimum phase, because the zero dynamics of the
SynRM system is stable.

(27)

(28)

Stator resistance estimator of a SynRM drive

system

The stator resistance changes due to the change in temperature
during the operation of the machine as the machine losses change.
The variation of the stator resistance is a thermal process and
therefore is not only determined by the machine losses but also the
time. The drive system may become unstable if the stator resis-
tance value used in the controller differs from that of the machine
resistance. Among the other variables of the machine, the stator
flux vector is highly affected by the resistance changes particularly
at low speed.
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The stator flux linkage of SynRM is estimated by integrating the
difference between the input voltage and the voltage drop across
the stator resistance in stator reference frame as given by    

(29)

(30)

(31)

Where vα and vβ, iα and iβ and  and λα are α − β axis stator voltages,
currents and flux linkages, respectively.

If there is no change in Rs, the actual stator flux (λsa) and estimated
stator flux (λse) of the motor are given by

(32)

Now, let the stator resistance of the motor change by ∆Rs, which
causes a change in ∆is in stator current vector, the corresponding
changes in α − β axis currents are ∆iα and ∆iβ, respectively. The
controller uses the unchanged value of resistance while actual
motor resistance changes. The actual stator flux (λsa) and estimated
stator flux (λse) of the machine are given by (33-35),

(33)

(34)λ λβ β β β β+ = − +( ) +( )



∫∆ ∆ ∆a v i i R R dts s

λ λα α α α α+ = − +( ) +( ) ∫∆ ∆ ∆a v i i R R dts s

λ λ λs sa se s s s= = = −( )∫ v R i dt

λ λ λα βs = +2 2

λ λβ β β β= −( ) + =( )∫ v R i dt ts0

t
0

λ λα α α α= −( ) + =( )∫ v R i dt ts0

t
0

Fig. 4: Block diagram of SynRM drive system control
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(35)

Estimated controller variables are

(36)

(37)

(38)

The errors in the estimated flux linkage from the actual flux linkage
is given by

(39)

(40)

(41)

Eqn. (41) gives the measure of the errors in stator flux linkage due
to the change in stator resistance. 

The IOFL controller can be made more reliable if the stator resis-
tance is estimated online during operation of machine. In this
paper, an estimator is designed to predict the stator resistance. A
signal proportional to the stator resistance change is developed
using the error between the reference and actual flux linkage. The
estimator observes the actual stator flux (λsa) and if an (∆λs) error
between the reference and actual flux linkage is detected, a corres-
ponding change in the stator resistance is made. The estimator is
based on the PI controller as shown in Fig. 5. The error in the 
stator flux is used as an input to the PI estimator. The technique is
based on the principle that the change in stator resistance will
cause a change in stator current and stator flux linkage λsa. The
error between the actual stator flux (λsa) and the reference flux is

∆ ∆ ∆ ∆ ∆λ λ λs se sa s s s= − = +( )∫ i i R dt

∆ ∆ ∆ ∆ ∆λ λ λβ β β β β= − = +( )∫e a si i R dt

∆ ∆ ∆ ∆ ∆λ λ λα α α α α= − = +( )∫e a i i R dts

λ λs se s s s s+ = − +( ) ∫∆ ∆v i i R dt

λ λβ β β β β+ = − +( )



∫∆ ∆e v i i R dts

λ λα α α α α+ = − +( ) ∫∆ ∆e v i i R dts

λ λs sa s s s s s+ = − +( ) +( ) ∫∆ ∆ ∆v i i R R dt

proportional to the stator resistance change. The PI resistance esti-
mator of Fig. 5 is described by

(42)

Where s is Laplace operator and KP and KI are the proportional
and integral gains of the PI estimator.

The error between the stator flux λs and its reference λ*
s is passed

through a low pass filter with a very low cutoff frequency in order
to attenuate high frequency component contained in the estimated
stator flux. Then the signal is passed through a PI estimator. The
output of the PI estimator is the required change of resistance ∆Rs
due to change in temperature or frequency. The change of stator
resistance ∆Rs is continuously added to the previously estimated
stator resistance Rs(k–1). This updated stator resistance can be used
directly in the controller. One may note that for a given torque 
reference T*

e, if y*
2 is set to zero at each ∆t step of time, then the

reference currents responsible for torque generation, ie*
dT and ie*

qT,
are obtained and λ*

s can be calculated as

(43)

Simulation results

Overall block diagram of the drive system control was shown in
Fig.4. Based on IOFL the motor supply voltage is synthesized
from stator d and q axis voltage commands (v*

d, v*
q), using a two

λs d dT
e*

q qT
e*2 2* = +L i L i2 2

∆ ∆R K
K

s P
I

ss
= +







λ

Fig. 5 : PI Resistance Estimator of SynRM Drive System

Fig. 6: MTPA Control Strategy Simulation Results
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level space vector modulation SVM-based PWM inverter. A C++

step by step computer program was developed to model the drive
system control of Fig.4. In this program, the system dynamic
equations are solved by a static Range-Kutta fourth order method.
In our proposed control approach the system controller gains are
obtained by trial and error method which are given by Kp = 0.3,
KI = 0.05 and K1 = K2 = 225.  The specifications and parameters
of three-phase SynRM used in our simulation program are given
in Appendix I. Considering MTPA and Efficiency-Optimized con-
trol strategies relating to SynRM, the simulated results are pre-
sented in Figs. 6-7. As shown in figures, the proposed controller
satisfies both of the control objectives; the torque y1 and MTPA
criteria or Efficiency-Optimized criteria y2 are well regulated to
the respective commands and the internal states  (idT, iqT) move to
the optimal point along the demanded torque curve. The speed ωm
increases and decreases rather linearly which means that the pro-
duced torque is regulated well to its desired value by the help of
the proposed nonlinear controller. Assuming an exponential speed
reference, the simulation results are obtained for MTPA strategy
in Fig. 8. From these results a perfect tracking control can be 
recognized for the two axis currents as well as estimation error in
parameter Rs also converges to zero. In addition, torque current
and terminal current waveforms have been shown in this figure.

The shunt iron loss resistance of the SynRM is responsible for this
miss matching. 

In order to confirm the improvement of SynRM efficiency through
the proposed control algorithm, the efficiency of the SynRM was
measured in each case of the conventional controller with constant
d-axis current and the proposed controller. At various speed con-
ditions the comparison results of each controller are illustrated in
Fig. 9. The overall enhancement in efficiency is seen and is
remarkable at lighter load and lower speed conditions.

Experimental setup and results

Exprimental System Setup

For practical evaluation of the actual system performance, a PC-
based prototype system was built and tested. The experimental
setup corresponding to overall system block diagram shown in Fig. 4
is depicted in Figs. (10-11) and consists of the following sections:

A 0.37 kW three-phase SynRM and a 1.1 kW DC generator as its
load; Three-phase voltage source inverter and its isolation board;

Fig. 7: Efficiency-Optimized Control Strategy Simulation Results

Fig. 8: MTPA Control Strategy Simulation Results (Speed Tracking Control)
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Voltage and current sensors board; 96 bit Advantech digital Input-
Output card; 32-channel Advantech A/D converter card; CPLD
board and a personal computer (PC) for calculating required sig-
nals and viewing the registered waveforms. The 0.37 kW SynRM
parameters are reported in Appendix I.

The SynRM is supplied by a three-phase inverter with a symme-
trical two level space vector modulation. A Xilinx XC95288xl
CPLD has been selected for real time implementation of switching
patterns using a switching frequency of 5 kHz.

The CPLD board communicates with PC via the digital
Advantech PCI-1753 I/O board. CPLD in experimental setup 

realizes the following tasks: Switching pattern generation of IGBT
switches based on SVM technique, providing a useful dead time
in the so-called switching patterns of power switches, generation
of the synchronizing signal for data transmission between PC and
hardware and shutting down the inverter in the case of emergency
conditions such as over current or PC hanging states. The inverter
has been designed & implemented specifically for this experiment
using SKM75 GD 124 D SEMIKRON module.

The required drive board has been designed by HCPL 316J which
is fast and intelligent IGBT driver and guarantees a reliable isola-
tion between the high voltage and control boards. The DC link
voltage and stator phase currents and voltages are measured by

a) constant id control b) Proposed method

c) Efficiency Improvement  

Fig. 9: Efficiency improvement at various Torques and speeds: a) constant id control, b) Proposed method, c) Efficiency Improvement

Fig. 10: Laboratory Implementation Block Diagram

Fig. 11: Experimental Setup
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Hall-type LEM sensors. All measured electrical signals are fil-
tered using the separate analogue second order low pass filters and
then converted to digital signals using an A/D card with  conver-
sion time. The rotor position is measured in respect to axis of sta-
tor “A” phase using an AUTONICS absolute encoder with 1024
pulses per round. The output pulse of position sensor is sent to the
PC via I/O card.

Experimental results

Using the same conditions adopted to get SynRM simulation
results as described in previous section, the experimental results
were obtained as shown in Figs. 14-16. The motor d axis induc-
tance Ld versus id can be obtained from a practical test, as shown
in Fig. 12. The iron loss resistance Ri can be acquired by measuring

the input power under no-load condition, and the measured results
are plotted in Fig. 13. Since  varies with operating frequency and
magnetizing current, this value is updated to the controller in real
time according to the load condition and speed. For a given load
torque, one can see from Figs. 14 and 15 that SynRM input power
in Efficiency-Optimized scheme is less than MTPA strategy while
stator current amplitude in MTPA strategy is smaller than
Efficiency-Optimized scheme. The value of stator resistance Rs is
also determined by PI estimator as shown in Fig. 16. In Fig. 17,
experimental phase voltage and current waveforms have been
shown. A close agreement can be seen between simulation and
practical results with little disagreement seen between these two
set of results may be because of inaccuracies that exist in our data
acquisition system, SVPWM voltage source inverter effects and
the dead times of inverter switching signals.

Fig. 12: Variation of Ld with d-axis current id Fig. 13: Measured Iron Loss Resistance Ri

Fig. 14: MTPA Control Strategy Experimental Results
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Conclusions

For high dynamic torque regulation and implementation of desi-
rable control strategy (MTPA, efficiency-optimized or minimum

input KVA Control) of the SynRM, a nonlinear controller using
input–output feedback linearization technique was proposed. The
coupling effects and the nonlinearity in the state equation of the
SynRM that deteriorate the linear torque–speed characteristics

Fig. 15: Efficiency-Optimized Control Strategy Experimental Results

Fig. 16: MTPA Control Strategy
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were discussed, and it can be concluded that the shunt iron loss
resistance of the SynRM is responsible for these aspects. In addi-
tion, based on Lagrange’s Theorem, some strategy criteria of the
SynRM were obtained. The proposed controller directly regulates
both the electromagnetic torque and the chosen criterion by selecting
these as output variables. The values of stator direct-axis 
inductance Ld and iron-loss resistance Ri were found from lookup
tables and a PI estimator established the value of stator resistance
variations. The usefulness of the proposed control scheme was
verified by computer simulations and hardware experiments.
Close agreement is observed between the results of simulation and
experiment, any discrepancy between them is attributed to limita-
tions of the data acquisition system, SV-PWM voltage source
inverter effects and the dead times of inverter switching signals.

Appendix I

Fig.  17: SynRM Phase Voltage and Current waveforms

Table I: Motor Nominal Characteristics

Pn = 370 W Vn = 230 V In = 2.8 A

Lmd,un Sat = 232 mH Ims, Sat = 178 mH Lmq = 118 mH

Rsn = 2.95 W fn = 60 Hz No. of Poles: 4

Ten = 1.9 N.m Jm = .015 Kg.m2 Bm = .003 Nm/rad/sec
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