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Efficiency Enhancement of Permanent-Magnet
Synchronous Motor Drives by Online Loss

Minimization Approaches
Calogero Cavallaro, Antonino Oscar Di Tommaso, Rosario Miceli, Member, IEEE,

Angelo Raciti, Senior Member, IEEE, Giuseppe Ricco Galluzzo, and Marco Trapanese, Member, IEEE

Abstract—In this paper, a new loss minimization control algo-
rithm for inverter-fed permanent-magnet synchronous motors
(PMSMs), which allows for the reduction of the power losses of
the electric drive without penalty on its dynamic performance, is
analyzed, experimentally realized, and validated. In particular,
after a brief recounting of two loss minimization control strategies,
namely, the “search control” and the “loss-model control,” both
a new modified dynamic model of the PMSM (which takes into
account the iron losses) and an innovative “loss-model” control
strategy are presented. Experimental tests on a specific PMSM
drive employing the proposed loss minimization algorithm have
been performed, aiming to validate the actual implementation. The
main results of these tests confirm that the dynamic performance
of the drive is maintained, and in small motors enhancement up
to 3.5% of the efficiency can be reached in comparison with the
PMSM drive equipped with a more traditional control strategy.

Index Terms—Control systems, efficiency improvement, perma-
nent-magnet synchronous motor (PMSM), variable-speed motor
drives.

NOMENCLATURE

, Direct- and quadrature-axes current components.

, Direct- and quadrature-axes iron loss current

components.

, Direct- and quadrature-axes voltage components.

, Direct- and quadrature-axes inductances.

, Direct- and quadrature-axes leakage inductances.

, Direct- and quadrature-axes magnetizing

inductances

Magnetic saliency ratio.

, Stator and core loss resistances.

Permanent-magnet rotor flux.

Motor pole pairs.

Angular electrical frequency.

Rotor mechanical angular speed.

Electromagnetic torque.

Load torque.
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Rotor inertia.

Coulomb friction coefficient.

Viscous friction coefficient.

Instantaneous angular position of the rotor.

I. INTRODUCTION

T
ODAY, a particular emphasis is given to the environmental

issues in every technical field. In this respect, the link be-

tween any wasted energy and the consequent negative decrease

of the global quality of the ambient has been well demonstrated.

In particular, this applies to the electrical consumption, which

involves complicated industrial processes for the electric en-

ergy generation. Thus, long-term operation of electrical drives,

which are noticeable load-consuming equipment like those for

electric vehicle propulsion or industrial apparatus (compressors,

fans, pumps, machine tools, etc.), are expected to have high en-

ergetic efficiency as one of the most important figures to reach.

The whole efficiency depends on the single efficiency of the dif-

ferent components of the electric drives. It is worth noting that

by using optimal control strategies it is possible to reduce the

losses of the electric drives, without relevant decrease of the dy-

namic performance of the drive.

Thanks to their high performance, permanent-magnet syn-

chronous motors (PMSMs) are widely used in industrial drive

applications. The main advantages, which are highly appreci-

ated in comparison to those of other solutions (dc and induc-

tion motors), are the high efficiency and the high power–weight

ratio. PMSMs are convenient because they have a loss-free rotor,

and power losses are mainly related to the stator windings and

the stator stack. The ratio of the copper and iron power losses

is a key issue in determining the maximum efficiency point as

a function of the mechanical load that is driven by the motor

shaft. In the case of constant-speed motors fed by the mains, the

motor design is obtained as a tradeoff that gives the maximum

efficiency point at given load conditions, according to the user

requirements. Unfortunately, this suitable condition is no longer

maintained as long as the motors operate at variable-torque and

variable-speed conditions.

This paper deals with a control algorithm, which is able to

reduce the losses (copper and iron losses) of interior PMSM

drives, through the injection of the proper direct-axis current

in the stator winding, in the case of variabl-speed and vari-

able-torque applications. In particular, after a brief recounting of

two loss minimization control strategies [1]–[3] (the so-called

0278-0046/$20.00 © 2005 IEEE
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“search control” and “loss-model control”), both a new modi-

fied dynamic model of the PMSM that also takes into account

the iron losses and an innovative optimization procedure of the

“loss-model” control strategy, previously investigated by the

authors [4], are presented. The control algorithm allows deter-

mining the optimal direct-axis current according to the oper-

ating speed and the load conditions. In particular, a robust algo-

rithm, suitable for all kind of PMSMs, is used in order to obtain,

in a fast and simple way, the optimal solution. The exploited ap-

proach can be applied to both machines with magnetic isotropy

and anisotropy in the rotor, but the best results seem to be ob-

tainable with the latter ones. The control algorithm is designed

to improve the efficiency in steady-state condition, which is a

major opportunity for energy savings.

Experimental tests on a specific PMSM drive employing the

proposed loss minimization algorithm (LMA) have shown that

its dynamic performance is maintained, and in small motors en-

hancement up to 3.5% of the efficiency can be reached in com-

parison to the PMSM drive equipped with a more traditional

control strategy (namely, the ).

II. STATE OF THE ART OF LOSS MINIMIZATION TECHNIQUES

Control techniques aimedat obtaining the loss minimization

have been extensively investigated in the literature. However,

despite the great number of papers they can strictly be sum-

marized into three main categories [5]–[10]: papers that deal

with the “loss-model control” technique, papers that apply the

“search control” algorithm, and papers that use the simple state

control (SSC). The “loss-model control” technique is based on

the development of a mathematical model, which allows esti-

mating the energy losses occurring during the running of the

motor. Obviously, key issues in this case are the knowledge of

a precise system model, an accurate identification of its param-

eters, and also the variation of the parameters with the temper-

ature, current, etc. By expressing the losses as a function of the

control variables of the drive, it is possible to impose an oper-

ating condition to obtain maximum efficiency [1].

The “search control” algorithm, on the contrary, is not based

on a model, but rather on an adaptive routine. The approach

mainly consists of changing step by step the value of a con-

trol variable, then measuring for each operating point the active

power flowing into the motor. Finally, by comparing the mea-

surement result with the previous one at fixed operating condi-

tions, the minimum power consumption of the drive is searched.

To this aim, recent work has experimentally demonstrated that

the searching procedure can successfully individuate a max-

imum efficiency point [2]. The “search control” algorithm has

the advantage that there is no need to know the model of the

motor and its parameters. A drawback is that such a technique

can originate system oscillation phenomena, thus, making the

drive unstable. As far as this technique is adopted, a require-

ment of an additional stabilization network can take place [6].

III. PMSM DYNAMIC MODEL THAT INCLUDES

THE IRON LOSSES

The basic hypotheses, which have been used in order to define

the proposed dynamic model of a PMSM, are that the spatial dis-

Fig. 1. Dynamic d–q-axes equivalent circuits of a PMSM.

tribution of the magnetic flux in the air gap is sinusoidal and the

magnetic circuit is linear. Moreover, a dedicated parameter has

been considered aimed at accounting for the iron losses on the

stator stack. In particular, the iron losses are modeled by a resis-

tance , which is inserted in the traditional equivalent circuits

of a synchronous machine so that the power loss depends on the

air-gap linkage flux. Accordingly, by considering the two-axis

theory of Park and introducing the change in the model as de-

fined above to account for the iron losses, the dynamic - and

-axes equivalent circuits of the PMSM can be drawn, as shown

in Fig. 1. With reference to Fig. 1, the state equations of the

dynamic model of a PMSM, also taking into account the iron

losses, are

(1)

(2)

(3)

(4)

where

and (5)

(6a)

with

(6b)

(7)

IV. LMA

The power losses in a PMSM are copper and iron losses in the

stator, mechanical losses, and additional losses. The last ones

are related to both the copper and iron, and are neglected here for
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the sake of simplicity and, also, because their values are difficult

to estimate, are normally evaluated as a percentage of the rated

power. Moreover, since the technique presented in this paper

causes a field weakening under every operating condition, the

effect of the additional losses is reduced in comparison to other

control techniques. However, a better understanding of the phys-

ical phenomena underlying the additional losses could definitely

improve every minimization technique. Splitting these consid-

ered losses into two categories, namely, controllable and uncon-

trollable losses, can allow for a more work-oriented analysis.

The copper losses, which are mainly determined by the fun-

damental harmonic component of the stator current, and the

iron losses, which are determined by the fundamental harmonic

component of the total linkage flux, belong to the first type (in

turn, these losses depend on the controllable variables of the

motor). Unlike the above quantities, copper and iron losses that

are caused by the higher harmonic components, along with the

mechanical losses, belong to the uncontrollable ones.

By referring (1) and (2) and (5) and (6) to a steady-state con-

dition, it is possible to find a mathematical expression of the

power losses that are caused by the fundamental harmonic of the

current in the windings ( ). In a similar manner, the power

losses that are caused by the fundamental harmonic of the total

linkage flux in the iron stack ( ) can be determined. In turn,

the controllable electrical losses may be expressed as a function

of the and current components and also of the electrical

speed, for example,

(8)

(9)

Accordingly, the total electrical losses are

(10)

The controllable losses in steady-state condition may be ob-

tained by combining (7) and (10). The result is a relation that

expresses the power losses of the motor as function of the elec-

tromagnetic torque , of the direct-axis current component ,

and of the angular speed . In detail

(11)

A simple consideration can be carried out based on inspec-

tion of relation (11): at fixed values of both and , the total

controllable losses only depend on the value, and then they

can be minimized by adjusting the direct-axis current. The de-

termination of the minimum of (11) can be pursued by adopting

an iterative numerical algorithm. The result of such a search is

the minimum of the function (11) obtained at a particular value

Fig. 2. Flowchart of the search algorithm. The quantities i and i are
the search interval limits (two values of currents in the case of study), d is the
search step, x the average test point of the interval (i , i ), and W (x)
is the power consumption.

of the current, under the hypothesis that both the load torque

and the angular speed are unchanged.

In [1], the value of that minimizes the electrical losses has

been analytically calculated by differentiating expression (11),

with respect to the variable, and successively equating the re-

sulting expression to zero. The following relations summarize

the main results of such a procedure, being the previous solu-

tions of (11) and a key step in understanding the advantages of

the proposed implementation of the LMA.

Let

(12)

where

(13)

(14)

(15)

In the case of machines with isotropic rotor structure the pa-

rameter of saliency is and conditions (12)–(15) simplify.

Accordingly, the optimal current can be easily expressed

as an analytical function [1]. However, for a more general struc-

ture of the motor rotor, the problem cannot be easily solved,

and a closed solution is not obtainable, because of the non-

linear relationship nature of ((12)–(15)). For this reason, in [1]

the value of which minimizes the losses has been calculated

by using an approximate procedure. By the use of a polynomial

expression, which is a function of , whose coefficients are

also functions of the speed, the solution of the optimal -axis

current is calculated in real time. The speed dependence of the



1156 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 52, NO. 4, AUGUST 2005

Fig. 3. Simplified block schematic of the PMSM drive test bench.

Fig. 4. Details of the laboratory room. (a) Test bench. (b) Particular of the PMSM with the converter, the controlled brake, and the power analyzer.

polynomial coefficient is implemented through the use of a pre-

viously calculated lookup table. This method has the burden rel-

ative to the recalculation of a lot of coefficients, in order to up-

date the lookup table, aiming to account for the new parameters

in case the motor is changed.

Alternatively, in this paper a simple and effective method-

ology that may be applied to directly solve the above problem

has been implemented. In particular, an interval-reduction algo-

rithm has been chosen [10], it being a useful and robust calcula-

tion procedure for all those functions that feature in the search

interval only a local minimum. The flowchart of this algorithm

is depicted in Fig. 2. It can be seen how this approach is sub-

stantially a “binary search” algorithm. Validation tests of such

a procedure, which has been integrated into the drive controller,

have shown that it converges within about 13 iterations for an

11-A search range ( A and A) ampli-

tude and a search step fixed at 1 mA. Moreover, the procedure

lasts in a time interval ranging from 50 to 100 s. The procedure

is now described in more detail. By fixing the range of the search

interval ( and ) and the search step amplitude ( ) the

midpoint ( ) is calculated. Now, if

then , otherwise . This calculation is iter-

ated until giving the value of which

minimizes the power consumption of the electrical drive.

V. ACTUAL IMPLEMENTATION OF THE PROPOSED PROCEDURE

IN AN EXPERIMENTAL TEST BENCH

A test bench for the validation of the LMA has been real-

ized by implementing the proposed control system in a labora-

tory prototype of a PMSM electrical drive. The set rig is com-

posed of a controlled load, a three-phase power analyzer having

a 200-kHz bandwidth, and the PMSM electrical drive under

test. A simplified representation by a block diagram of the test

bench is shown in Fig. 3. More details of the experimental setup

are shown in the photographs of the electrical drive laboratory,

Fig. 4(a) and (b).

In more detail, the PMSM electrical drive under test is com-

posed of a radial flux PMSM, an insulated-gate-bipolar-tran-

sistor (IGBT)-based converter, and a dSPACE rapid prototyping

system that drives the IGBT converter according to a field-ori-

ented control strategy. In Fig. 5, a block diagram of the PMSM

electrical drive is depicted. In this schematic the block named

“speed controller” determines the required motor torque, ac-

cording to the speed error, and the LMA calculates, within each

sampling period of the speed control loop (the sampling period

is s), the instantaneous values of and , which

are the components of the stator reference currents, based on

relations (5), (6), and (11). According to the procedure that has

been outlined above, the inputs of the LMA block are the in-

stantaneous angular speed and the reference torque coming out

of the speed controller.

The LMA, the speed, and the current loops have been fully

implemented on the dSPACE board. The output signals of the

PWM generator that come from the dSPACE board are then

directly fed to the driving circuits of the IGBT switches.

VI. EXPERIMENTAL RESULTS

Extensive laboratory tests have been carried out. The aim

was both the validation of the correctness of the loss estimation

model, which is expressed by relation (11), and the effective-
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Fig. 5. Simplified schematic of the PMSM drive.

TABLE I
NAMEPLATE AND PHASE PARAMETERS OF THE PMSM

TABLE II
ELECTRICAL QUANTITIES OF THE POWER CONVERTER

ness of the LMA implementation on the PMSM drive control.

The main characteristics of the PMSM and the power converter

are listed, respectively, in Tables I and II. A selection of the ex-

perimental tests is reported here seeking to analyze and discuss

the most significant results.

In particular, the estimated power losses (copper, iron, and

overall controllable losses) and the measured ones relative to

the PMSM drive are reported in Figs. 6 and 7 in the case of an

angular speed of 3000 r/min, respectively, at no-load and full-

load conditions. The estimated power losses were calculated by

applying (5)–(7) and (11). The measured power losses have been

obtained as the difference between the PMSM input power and

the output one on the brake. In these conditions the controllable

losses present an experimental minimum at direct-axis currents

of about A (no-load condition) and A

Fig. 6. Power losses of the test motor at 3000 r/min and no-load condition as
a function of the direct current component. The estimated values are separated
into copper and iron losses, and the measured ones are as a whole.

(full-load condition). Figs. 6 and 7 also show that the overall

losses always admit a minimum, and it is, hence, possible to

find a value of the direct-axis armature current that minimizes

the power consumption, obtaining the condition of maximum

efficiency.

Aiming to compare this power LMA with a traditional

control, two different series of tests were carried out by using

these two procedures. As far as the tests were concerned to

mainly explore the gain achievable in terms of energy savings,

the efficiency variation as a function of the mechanical speed in

the case of the LMA (continuous curve) and of the con-

trol (dotted curve) is shown in Fig. 8 at the rated load torque of

1.8 N m. The efficiency of the brushless motor may increase up

to 2.7%, and the maximum applies especially in the high-speed

range where the iron losses become more intense as compared

with those in the copper. Fig. 9 shows the percentage efficiency

improvement of the LMA case study (using as reference the
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Fig. 7. Power losses of the test motor at 3000 r/min and full-load condition as
a function of the direct current component. The estimated values are separated
into copper and iron losses, and the measured ones are as a whole.

Fig. 8. Comparison of the motor efficiencies at rated load (1.8 N�m) versus
the angular speed (r/min) in the case of LMA (continuous curve) and of i = 0

(dotted curve) controls.

Fig. 9. Achievable efficiency improvement due to LMA (referred to the
traditional control approach) versus the angular speed at rated load condition
(1.8 N�m).

control) as a function of the angular speed, at a rated

load torque of 1.8 N m.

Fig. 10 shows the efficiency variations as a function of the me-

chanical load torque in the case of the LMA (continuous curve)

and of the control (dotted curve) at the rated speed of

4000 r/min. By inspection of Fig. 10 it is possible to realize that

Fig. 10. Comparison of the motor efficiencies at rated speed (4000 r/min)
versus the load torque in the case of LMA (continuous curve) and of i = 0

(dotted curve) controls.

Fig. 11. Achievable efficiency improvement due to LMA (referred to the
traditional control approach) versus the load torque at rated speed (4000 r/min).

the effectiveness of the LMA grows with increasing load. Fig. 11

shows the percentage of efficiency improvement of the LMA

with respect to the conventional control ( ) as a function

of the load torque at the rated speed of 4000 r/min. A signifi-

cant efficiency improvement is reached at high load and at high

speed, as expected. In fact, at a torque load of 2 N m (overload

condition) the efficiency increase is about 3.5%. These results

prove the good performance of the LMA for a speed range up

to base speed. Future work will deal with the application of the

LMA for the field-weakening region, also. Obviously, since in

practice small motors are designed to have lower efficiency than

large motors, the interested reader should easily realize that the

previous figure of efficiency enhancement is no longer to be ex-

pected for large machines. Future work of the authors will in-

clude the investigation of this issue. On the other hand, small

motors are widely used and any improvement of their efficiency

without increase of the drive cost is worth being obtained.

A test of the dynamic performance of the drive has been per-

formed in order to verify differences between the proposed con-

trol and the traditional one. Fig. 12 reports the angular speeds

versus time during a no-load speed reversal from 3000 to

3000 r/min of the PMSM electrical drive for both the

control and the LMA one. As can be observed from inspection of
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Fig. 12. Performance comparison of the dynamic performance, which is
obtained by two different control strategies, of the PMSM motor drive during
a speed reversal from �3000 to +3000 r/min (�314 to 314 rad/s). The traces
are in practice quite overlapped.

Fig. 13. Direct and quadrature motor current components during the speed
reversal from�3000 to+3000 r/min according to the test conditions of Fig. 12.

the figure, the dynamic response of the speed between the tra-

ditional control algorithm and the loss minimization one does

not show appreciable differences. Finally, Fig. 13 shows the di-

rect- and quadrature-axes currents in the same test condition of

Fig. 12. It can be seen that the dynamics of the currents are quite

similar, while their instantaneous values are different.

It is worth noting that at high speed the effect of the flux

weakening impressed by the LMA control strategy significantly

works in reducing the iron losses. Moreover, the increase of the

component of the stator current (toward a negative value)

changes the sign of the reluctance torque component (7), from

a negative to a positive value in the case of a machine with

) and, consequently, at full-load conditions, even

if the air-gap direct-axis flux and the component of the stator

current are decreased, the whole electromagnetic torque is main-

tained constant.

VII. CONCLUSION

In this paper a “loss-model control” strategy has been ana-

lyzed and implemented in a DSP-controlled motor drive. In par-

ticular, it has been verified by experimental tests that the control

of the direct-axis stator current can minimize the controllable

electrical losses occurring in a PM brushless motor drive. Such

a control strategy, accounting for both the instantaneous speed

value and the load torque condition, uses the combined effects of

the field weakening and the exploitation of the reluctance torque

looking for a reduction of the power losses, and an increase of

the drive efficiency. The LMA is suitable for different brush-

less motor types, and it is very flexible and simple to imple-

ment because it only requires the knowledge of some common

motor quantities (like the stator resistance, the iron losses, di-

rect and quadrature inductances, etc.). The main results of the

experimental tests carried out demonstrated how, in comparison

to more traditional control methods, the LMA increments the ef-

ficiency of a PMSM electrical drive without any reduction of the

dynamic performance. The figure of the efficiency improvement

(up to 3.5% in a small motor) is valuable since we are comparing

very efficient traditional algorithms with the new one, and any

further improvement is difficult to achieve.
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