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    1. Introduction 
 

In the field of servo-drive applications, the Synchronous 
Reluctance Motors (SynRM) represents an alternative to other 
types of AC motors, such as induction motor or permanent 
magnet synchronous one [1], [2]. The SynRM presents a 
simple, robust and cheaper rotor structure and has simpler 
field oriented control compared to that of induction motor 
drives. The absence of magnets allows controlling the machine 
in the field-weakening region (constant power operation) and 
makes the torque insensitive to temperature variations. The 
main drawback of SynRM is the presence of torque ripples 
which cause undesirable acoustic noise and vibrations. 

The SynRM has recently attracted the efforts of a number of 
researchers. The last developments concern three different 
topics. The first one is the design improvement of the rotor 
structure to maximize the saliency ratio Ld/Lq and improve the 
electromagnetic torque [3]-[5]. The second one concerns the 
development of theoretical models which take into account 
magnetic saturation (crossed-magnetization) and space 
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harmonics effects [6]-[8]. The last topic concerns the 
development of control strategies to improve both dynamic 
and steady state performances like the maximum torque per 
ampere control (MTA) [9]-[11] or the maximum efficiency 
control [16], [18]. 

The efficiency of a variable frequency drive can be 
improved by the flux control [12]. The flux level (usually 
control by the stator d-axis current Isd) is adjusted by the 
optimum-efficiency controller in relation to the load torque 
and to the rotor speed of the machine. The rated flux is 
imposed for the nominal operating condition and is decreased 
at light loads or at non rated speeds. A number of methods for 
efficiency improvement have been proposed in the literature 
for induction motors and synchronous reluctance motors. In 
general, two major approaches can be identified.  

The first one is based on a loss model of the motor (copper 
and iron losses) and is called Loss Model Controller (LMC) 
[12]-[16]. The method consists of computing the losses and 
selecting the flux level that minimizes these losses. This 
approach requires a good knowledge of the motor parameters, 
including the influence of variable frequency and flux level on 
the core losses and the effect of magnetic saturation on the 
inductance values.  
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Abstract 
 
 This paper deals with an on-line optimum-efficiency control of a synchronous reluctance motor drive. The input power 
minimization control is implemented with a search controller using Fibonacci search algorithm. It searches the optimal 
reference value of the d-axis stator current for which the input power is minimum. The input power is calculated from the 
measured dc-bus current and dc-bus voltage of the inverter. A rotor-oriented vector control of the synchronous reluctance 
machine with the optimization efficiency controller is achieved with a DSP board (TMS302C31). Experimental results are 
presented to validate the proposed control methods. It is shown that stability problems can appear during the search 
process. 
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Fig. 1.  Cross section of the studied machine. 

 
Fig. 2.  Rotor structure of the studied machine. 

 
The second approach uses a search algorithm and is called 

SC method (Search Controller) [17]-[21]. The electrical input 
power is measured and is minimized by different algorithms. 
The implementation of a search controller is simpler and does 
not require the knowledge of the motor loss model. It can be 
universally applied to AC machines. The main drawback of 
this method is the need of additional sensors to measure the 
input power and its relatively low speed due to the search 
process compare to the LMC method. Matsuo et al. [18] 
proposed a solution of minimizing the input power of a 
SynRM drive by adding a small amount of perturbation to the 
flux current reference Isd. However, the variation of Isd 
during the search process and around its optimal value in 
steady state results in undesirable torque disturbance. 
Moreover, the developed method is slow reaching the 
optimum. Kim et al.[19], Sousa et al. [20] and Ta and Hori 
[21] used respectively Fibonacci search method, fuzzy-logic 
based controller and the Golden section search method to 
minimize the input power of an induction motor drive. These 
methods improve the speed convergence of the search process 
(t < 2s). The torque pulsation caused by the stepwise decrease 
in the flux current has been simply eliminated by 
incorporating a low-pass filter in the efficiency optimization 
algorithm. These methods using Fibonacci or Golden section 
algorithms to minimize the input power have not yet been 
used for SynRM. 
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Fig. 3.  Two-axis model in the rotor reference frame. 
 
This paper presents an optimal efficiency method for 

vector-controlled synchronous reluctance motor drive. The 
loss minimization control is implemented with a search 
controller using the Fibonacci’s search algorithm as proposed 
in [19]. The studied machine is a classical low power line start 
synchronous reluctance machine (600W) with a rugged rotor 
and a complete squirrel cage. The stator is the same as an 
induction motor and has symmetrical three phase windings. 
The cross section of the experimental machine is shown in 
Fig. 1. Photography of the rotor is given in Fig. 2.  

The contents of this paper are organized as follows. In 
section 2, the basic equations and the rotor-oriented vector 
control of the SynRM are developed. Experimental results of 
input power measurement are given for transient and steady 
state conditions for different load torque and speed values. 
The implementation of the optimal efficiency control using 
Fibonacci search algorithm is developed in section 3. 
Comparisons between simulation results and experimental 
tests are given and show the validity and the limits of the 
proposed method. Section 4 concludes the paper. 

 

2. Vector control of SynRM and input power measurement 

A. Basic equations 
The two-axis representation of the synchronous reluctance 

motor is given in Fig. 3. For the modeling, magnetic 
hysteresis, skin effect (in the rotor bars) and iron losses are 
neglected. The air-gap magnetomotive forces are assumed to 
be sinusoidally distributed. 

The well-known d-q voltage equations in the rotor reference 
frame are as follows:  
 

sqe
sd

sdssd .
dt

d
i.Ru Ψω−Ψ+=             (1) 

sde
sq

sqssq .
dt

d
i.Ru Ψω+Ψ+=             (2) 
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dt
d

i.R0
rd

rdrd
Ψ+=              (3) 

dt
d

i.R0
rq

rqrq
Ψ+=              (4) 

 
The stator and rotor flux linkages that appear in (1)-(4) are 

related to the currents by: 
 

rddsdsdsd iMiL ⋅+⋅=Ψ             (5) 
rqqsqsqsq iMiL ⋅+⋅=Ψ             (6) 
sddrdrdrd iMiL ⋅+⋅=Ψ             (7) 
sqqrqrqrq iMiL ⋅+⋅=Ψ             (8) 

 
All the electrical parameters of the SynRM used for tests 

are listed in the appendix. The equation of motion and the 
expression of the electromechanical torque are written as: 

 

TTf
dt
d

J em −=Ω⋅+Ω⋅             (9) 

( )sdsqsqsdem i.i..pT Ψ−Ψ=             (10) 
 

where J is the moment of inertia, f the friction coefficient and 
T the load torque.  

The instantaneous input power is expressed in terms of the 
direct and quadrature-axis stator voltages and currents 
components as: 

 
sqsqsdsd iuiuP ⋅+⋅=               (11) 

 

B. Vector control of SynRM 
A functional block diagram of the synchronous reluctance 

machine vector control is given in Fig. 4. The SynRM is fed 
by a voltage-source PWM inverter with a switching frequency 
of 10 kHz. The control is achieved with a DSP board 
(TMS320C31).  

 
 

 
Fig. 5.  Input power  measurement. 

 
Hall effect current transducers and a rotor position sensor 

with a resolution of 1024 pulses/revolution provide the 
information to monitor the current vector Isd and Isq from the 
phase currents isa and isb. Currents are sampled every 0.1 ms. 
Conventional PI controllers are used for current loops (d-axis 
and q-axis current controllers). The PI controllers allow to 
obtain a response time of 3 ms in both d-axis and q-axis 
current loops. 

For the speed loop, an IP controller with an integrator 
antiwindup is used. IP algorithm is executed every 1 ms and 
generate the needed Isqref current reference. A current limiter 
is used to ensure that stator current remains within rated value.  

The synchronous reluctance machine is coupled with a DC 
generator. For a constant output speed (maintained by the 
speed loop), the load torque T is maintained constant with a 
fixed load resistor on the DC generator and a fixed field 
excitation.  

The efficiency-optimization block using Fibonacci search 
controller is represented in Fig. 4. It searches the optimal 
reference value of the flux component of the stator current 
Isdref for which the input power Pin is minimum. The speed 
error ∆N is used to restore the rated value of the flux current 
after a change in speed reference value or a change in load 
torque to ensure good dynamic transient [19], [20].  

The on-line efficiency optimization control will be 
developed in section 3.  

Fibonacci 
Search 

Controller 

Pin = Udc.Idc ∆N = Nref - N 

Fig. 4.  Block diagram of the experimental system. 
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C. Input power measurement 
As shown in Fig. 5, the input power is calculated as the 

product of the measured dc-bus voltage Udc by the dc-bus 
current Idc: 
 

dcdcin I.UP =                   (11) 
 
The input power Pin includes motor output power, motor 

losses and inverter losses. The input power measurement must 
be noiseless to ensure a good working of the search controller 
[14]. So, the dc-link current Idc is first filtered with self-
inductance L = 20 mH as shown in Fig. 5. The input power is 
then calculated with a 1 ms sampling period (the same as the 
speed loop) and is averaged over 20 periods in order to reduce 
the noise.  

An experimental study of the input power behavior of the 
synchronous reluctance motor drive was carried out with the 
implemented experimental drive system. Fig. 6 shows the 
experimental result of the input power measurement during 
transient conditions. Figures 6(a) to 6(d) show respectively the 
d-axis current (Isd), the q-axis current (Isq), the mechanical 
speed (N), and the power input (Pin). For this test, the machine 
is first initialized with the rated value of the flux current (Isdref 
= 2.5 A). The machine is then accelerated from 0 to 400 rpm 
under no-load condition. It can be seen in Fig 6(b) that q-axis 
current is limited at Isqrefmax = 7 A to ensure that stator current 
remains within rated value. A load torque step of 3 Nm is 
applied at t = 2.2 s. 

Fig. 6(d) shows the input power behavior during the test. It 
can be seen that the input power attains about 900W during 
the speed acceleration. It reaches the value of almost 150 W in 
steady state for no load condition. When the load torque is 
applied, the q-axis current increases from about 0.8 A to 4 A. 
It can be seen in Fig. 6(d) that the input power increases from 
150 W to 400 W after a transient of about 0.5 s. 

This test shows that the input power can be measured with 
precision (the noise is low) during transient and steady state 
conditions. The input power measurement will be used in the 
next section with the optimum efficiency controller.  

Fig. 7 illustrates the variations of the measured input power 
Pin versus d-axis current in steady state condition for different 
values of the mechanical speed (250, 500 and 800 rpm) and 
different values of the load torque T (0, 1.2, 2 and 3 Nm). To 
obtain these curves, the output power is maintained constant 
with the DC generator and the d-axis current reference Isdref is 
varied (the search controller is inhibited during these tests). 
Then, the corresponding input power is measured by using 
(11).  

Fig. 7 indicates that there exists a minimum input power 
operating point for all the combinations of speed and load 
torque values. It can be observed that the optimal value of the 
d-axis current increases with the loading and is not subject to 
the speed value. For the studied machine, the optimal value of 
the flux current is always included between a lower value of 
about 0.5 A and a higher value of about 3 A. One can also see 
that the input power is flat near the point of optimal efficiency. 
Therefore, the power measurement must be very precise and 
noiseless to be used with the search controller.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Starting transient and load torque step transient for SynRM under test: 
(a) d-axis current Isd, (b) q-axis current Isq, (c) mechanical speed N, (d) input 
power Pin. Experimental results 
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Fig. 7. Input power versus d-axis current for different values of speed and load 
torque. Experimental results 
 
 
3. Optimum efficiency controller 

A. Fibonacci Search Method 
The efficiency controller searches the optimal value of the 

d-axis component of stator current, for which the input power 
of the drive is minimum. The efficiency control is based on 
the Fibonacci search algorithm. The Fibonacci search method 
is known as the most efficient (golden section is next) that it 
requires the smallest number of input power evaluations to 
find the optimum value of the d-axis current [22]. This method 
is applicable to unimodal functions with a single variable (a 
function is unimodal when it presents a unique optimum in a 
given interval). It not requires the calculation of derivatives at 
each step (it is important when the signal presents noise).  

The Fibonacci search is based on the sequence of Fibonacci 
numbers which are defined by the equations: 

{ } { }....89........ 55, 34, ,21 ,13 ,8 ,5 ,3 ,2 ,1 ,1F
2k         FFF

1FF

k

2k1kk

10

=
≥∀+=

==
−−      (12) 

 
The principle of Fibonacci search algorithm applied to input 

power minimization is described in Fig. 8. This figure shows 
the search process for 4 input power evaluations P1, P2, P3 and 
P4. At the beginning, we start the algorithm by defining the 
initial conditions. The initial conditions are the minimum and 
maximum values of the d-axis current Isdmin and Isdmax. These 
values determine the length of the first search interval L1. We 
must also define the flux current tolerance λ around its 
optimal value to predetermine the number of the input power 
evaluations n [22]. The number of input power evaluations is 
the integer n such that: 

 

2n1n F
II

F
minsdmaxsd

++ ≤
λ
−≤            (13) 

 
The algorithm can now calculate the values of d-axis 

current references Isd1 and Isd2 in the first interval L1 (L2 is the 
length of the second interval): 

( )

2minsd2sd

2maxsd1sd

n

n
minsdmaxsd2

LII
LII

F
1

)II(
F

F
L

n

1n

+=
−=

λ⋅−+−⋅= −

        (14) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Decision process for the Fibonacci search algorithm. 
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The input powers P1 and P2 corresponding to Isd1 and Isd2 
are measured according to (11) and are compared. For the 
studied example, the input power P1 is less than the input 
power P2 and the new search interval becomes L2. Although 
two input power measures are required in the initial interval 
L1, only one further input power measure (P3) is required in 
the reduced interval L2. The input powers P3 and P1 are 
compared and the interval is reduced to L3. The search 
procedure continues until the number of iteration n defined by 
(13) is attained. The optimal value of the reference d-axis 
current is placed to the middle of the last interval. Fig. 9 
shows the flowchart of minimization of the input power using 
Fibonacci search algorithm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Several tests have been carried out and compared with 
simulation results to confirm the validity of the algorithm. We 
are going to present the results of three tests. The first one is a 
no load test with a constant speed reference of 500 rpm. The 
second one is a 2 Nm load torque test with constant speed 
reference of 500 rpm. The last test is a rated load torque test 
with a constant speed reference of 500 rpm. This last test 
allows to show that stability problems can appear during the 
search process if the lower value of the first search interval 
Isdmin is chosen too small. 
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Fig. 9. Flowchart of minimization of the input power using Fibonacci search algorithm.  
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B. No-load Test With Constant Speed Reference 
Fig. 10 shows simulation results for no-load condition. The 

rotor speed is fixed at 500 rpm. The simulation algorithm is 
based on the SynRM model developed in section II. The 
inverter is considered as an ideal PWM power supply. The 
simulation algorithm is written in C-language and uses a 
standard fourth order Runge-Kutta integration routine. 

Initial conditions for Fibonacci search algorithm (length of 
the first interval <Isdmin; Isdmax> and d-axis current tolerance 
λ) are fixed using experimental results of Fig. 7: 

 
A2.0        A5I     A0I maxsdminsd =λ==        (15) 

 
The number of input power evaluations n and the d-axis 

current references Isd1 and Isd2 are calculated by using (13) 
and (14): 

 
A1.3I           A9.1I          6n sd21sd ===        (16) 

 
The time period of one step change of d-axis current 

reference is fixed to 1s. This value is determined by the 
transient behavior of the input power (Fig. 6). The input power 
must be measured after the steady state is established.  

Fig. 10(a) and Fig. 10(b) show respectively the d-axis 
current Isd and the input power P. The input power is 
calculated with (11). The d-axis current is initialized with its 
rated value (Isdref = 2.5 A). At t = 5s, the efficiency 
optimization is activated.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Simulation results for no-load torque and with a speed reference of 
500 rpm: (a) d-axis current Isd, (b) input power P.  

After six step changes in d-axis current reference, the input 
power is reduced from 100 W to about 65 W. A reduction of 
35% power input is obtained. The optimal value of d-axis 
current reference after the search process is equal to 1 A. 

Fig. 11 shows experimental results obtained for identical 
conditions as reported in the previous simulation. The results 
are in close agreement to the simulation ones. The input power 
decreases from 150 W to 100 W. The d-axis current decreases 
from 2.5 A to 0.8 A which is the optimal value for no load 
condition and a mechanical speed of 500 rpm as shown in Fig. 
7. One can observed that the simulated input power are 
smaller than the experimental one because inverter losses, iron 
losses and stray losses has not been taken into account for the 
simulation. Fig. 11(c) shows that the mechanical speed is not 
disturbed during the search process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11. Experimental results for no-load torque and with a speed reference 
of 500 rpm: (a) d-axis current Isd, (b) input power Pin, (c) mechanical speed N. 
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C. Load Test With Constant Speed Reference 
Fig. 12 shows experimental results obtained for a load 

torque of 2 Nm (0.66 p.u.) and a speed value of 500 rpm. 
Regulating of the Fibonacci search algorithm are the same that 
previously (16). The initial value of Isdref is deliberately 
chosen large (Isdref = 6 A) to show the accuracy of the 
optimization efficiency search process. At t = 5s, the 
efficiency optimization is activated. The input power is 
reduced from 560 W to 320 W. The d-axis current decreases 
from 6 A to 2.2 A which is the optimal value for the test 
conditions (500 rpm, 2 Nm) as shown in Fig. 7. 

D. Stability problem; lower limit for Isdmin 
During the search process, the d-axis current reference may be 
so small that the motor pulls out because the electromagnetic 
torque becomes smaller than the load torque. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Experimental results for 2 Nm load torque and Nref = 500 rpm, 
(a) d-axis current Isd, (b) input power Pin, (c) mechanical speed N. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13. Stability problem; Simulation results for 9.5 Nm load torque and Nref 
= 500 rpm: (a) d-axis current Isd, (b) q-axis current Isq, (c) electromagnetic 
torque Tem, (d) mechanical speed N. 
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Fig. 13 shows simulation results where stability problem 
occurs during the first step of the search process (5 s < t < 6 s). 
The rotor speed is fixed at 500 rpm and the load torque is 
fixed at a large value of 9.5 Nm. During the first step of the 
search process, the d-axis current reference is fixed at Isd1 = 
1.9 A (16) and the q-axis current reaches its limit (isq = 7 A, 
see Fig. 13(b)). In steady state condition, the electromagnetic 
torque of synchronous reluctance motors depends of the two 
components of the stator current vector isd and isq : 

 
( ) sqsdsqsdem iiLLpT ⋅⋅−⋅=             (17) 

 
The electromagnetic torque value corresponding to              

isd =1.9 A and isq =7 A is equal to 8.8 Nm (the unsaturated 
values of Lsd and Lsq are given in the appendix). During the 
first step of the search process, the electromagnetic torque 
value is smaller than the load torque value as it can be seen in 
Fig. 13(c). Therefore, the machine pulls out and the 
mechanical speed decreases strongly. 

Fig. 14 shows experimental results obtained for rated load 
torque and a mechanical speed fixed at 500 rpm. For this test, 
the Fibonacci algorithm is adjusted as previously (16). Fig. 
14(a) and Fig. 14(b) show respectively the d-axis current and 
the q-axis current. At the first step of the search process, the q-
axis current reaches its limit and the speed decreases strongly 
as foreseen by the simulation results. To avoid such problem, 
one must impose a minimum limit for Isdmin (14). Several 
experimental results have shown that this lower limit should 
be the optimal value of d-axis current for no-load condition 
(Isdmin = 0.8A). 
 
4. Conclusion 
 

From the energy-saving viewpoint, it is important to 
improve the efficiency of variable speed motor drives in the 
process industries. In this paper, input power minimization of 
a synchronous reluctance motor drive with Fibonacci search 
controller has been presented. Experimental results obtained 
for different levels of load torque have shown the accuracy of 
the proposed method. However, We have shown that the lower 
limit of the first search interval (Isdmin) had to be chosen with 
care to avoid stability problem during the search process. 

 
Appendix 
Nomenclature: 
 
usd, usq:    d- and q-axis stator voltages, 
isd, isq:     d- and q-axis stator currents, 
ird, irq:     d- and q- axis damper currents, 
Ψsd, Ψsq:   d- and q-axis total stator flux linkages, 
Ψrd, Ψrq:    d- and q-axis total rotor flux linkages, 
Rs:      stator resistance, 
Rrd, Rrq:    d- and q-axis damper resistances, 
Lsd, Lsq:    d- and q-axis stator inductances, 
Lrd, Lrq:    d- and q-axis rotor inductances, 
Md, Mq:    d- and q-axis mutual inductances, 
J:       moment of inertia, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Stability problem; Experimental results for full load torque and Nref 
= 500 rpm: (a) d-axis current Isd, (b) q-axis current Isq, (c) input power Pin, (d) 
mechanical speed N. 
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f:       friction coefficient, 
T:      external load torque, 
ωe:      electrical speed of the rotor reference frame, 
p:      number of pole pairs, 
P:      motor input power, 
Udc:     dc bus voltage, 
Idc:     dc bus current, 
Pin:     dc bus input power. 
 
Machine parameters: 
 

The SynRM used for test is a 230 V, 3A, 50 Hz, 600W 
four-pole, 1500 rpm with the following parameters: 

 
Rs = 7.8 Ω;    Lsd = 0.54 H;   Lsq = 0.21 H; 
Rrd = Rrq = 1Ω;  Lrd = 0.1 H;    Lrq = 0.046 H; 
Md = 0.153 H;   Mq = 0.088 H; 
J = 0.038 Kg.m2;  f = 0.0029 Nm/(r/s); 
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