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Abstract—In this paper, a generalized particle swarm
optimization (GPSO) algorithm was applied to the problems of
optimal control of high speed low cost interior permanent
magnet motor (IPMSM) drives. In order to minimize the total
controllable electrical losses and to increase the efficiency, the
optimum current vector references are calculated offline based
on GPSO for the wide speed range and for different load
conditions. The voltage and current limits of the drive system
and the variation of stator inductances are all included in the
optimization method. The stored optimal current vector
references are used during the real time control and the
proposed algorithm is compared with the conventional high
speed control algorithm, which is mostly voltage limit based.
The computer simulations and experimental results on 1 kW
low cost high speed IPMSM drive are discussed in details.

Index Terms—energy efficiency, field oriented control, high
speed, permanent magnet synchronous motor, particle swarm
optimization.

I. INTRODUCTION

The electromechanical conversion consumes almost 60%
of electric energy produced in industrialized countries. With
the global trend of dealing with energy efficiency issues the
losses during the electromechanical conversion cannot be
ignored and have to be minimized [1]. This is one of the
main reasons for wide use of energy efficient permanent
magnet synchronous motor (PMSM) in many applications,
such as hybrid vehicles, servo-drives, household appliances,
etc. [2]. Next step in the development of PMSM control
techniques leads towards the improvement of energy
efficiency, which can be done by manipulating the flux
reference or by increasing the rotor speed [3].

Drive losses consists of converter losses and motor losses.
Motor losses are losses in stator windings, mechanical losses
and iron losses. The past several years saw the development
of a number of loss optimization methods for regulated
PMSM drives. These methods can be divided into two basic
groups: methods based on search algorithms [1-4], and
model-based methods [5-16]. The first group is independent
of the motor model and includes inverter losses, but may, in
some cases, cause ripples in steady-state torque. The second
group requires the knowledge of motor (as well as power
converter) parameters.

A required property for optimization by search algorithms
is constant output power. In search algorithms the input
power is measured and then minimized by alteration of a
chosen system variables, such as rotor flux reference, direct
component of current vector, etc. Search algorithms are
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most often used in steady-state operation but, optionally, can
be combined with model-based methods during transient
states. Authors in [1] have estimated input power, based on
measured currents and DC circuit voltage and used search
algorithm to determine the optimal d-axis current vector
component for steady-state operation. An adaptive algorithm
for online interior PMSM (IPMSM) loss optimization is
presented in [2]. The algorithm operates in steady-state only.
The authors of [3] have presented an algorithm suitable for
scalar PMSM control in battery powered electric vehicle
drive. Input power is calculated by using DC current and
voltage and it is minimized by regulating the inverter output
voltage.

Model-based algorithms require proper modeling of both
motor and power converter. In order to improve the
optimization the model parameter variations can also be
tracked online [5]. In [8] and [9], the authors utilize the
estimated stator flux vector as an independent variable for
both torque and voltage equations and propose power loss
reduction through voltage angle correction. The proposed
solution takes into consideration both voltage and current
limits, also expressed through the stator flux vector. The
selection of optimal currents is based on look-up tables,
generated offline using various programs.

This paper will consider the high speed IPMSM
efficiency optimization provided by generalized particle
swarm optimization (GPSO) algorithm. Generalized PSO
algorithm is a swarm intelligence optimization technique
inspired by the nature, especially in the interactions of
flocks of birds and swarms of insects [17]. Due to its
simplicity in concept, the PSO has been successfully applied
in solving numerous practical engineering problems. In
many nonlinear systems where analytic search and linear
programming cannot be applied, one can find that the PSO
offers satisfactory performances for solving complicated
problems. In the last decade PSO was used for numerous
purposes in PMSM drives: for automatic diagnosis of stator
fault [18], [19] for parameter estimation [20], and for tuning
of the speed controller, [19-25].

In this paper, the proposed GPSO algorithm is used to
reduce copper and iron losses, both in constant field and
field weakening modes of operation. Optimal stator current
vector coordinates are found offline using GPSO for
different load and rotor speed values. Resulting current
vector coordinates are stored in the microprocessor look-up
tables for later online usage during the real time control of
the motor. The performances of the proposed algorithm are
compared with a conventional high speed IPMSM drive
algorithm in which the d-axis current reference is provided
by the outer voltage regulating loop which guarantees the
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drive operation below the voltage limit [5].

The paper is organized as follows. Section III gives basic
mathematical model of IPMSM with the controllable losses
included. The iron losses are modeled by a speed dependent
parallel resistance. In Section IV the GPSO algorithm is
presented and the GPSO based optimization of IPMSM
drive losses is described step by step. PSO based scheme for
optimal real-time control of high-speed IPMSM and
computer simulation results are presented in Section V. The
graphical presentation of offline populated 2D look-up table
containing optimal dq current references is also given. The
experimental results are given in Section VI.

II. LIST OF THE USED SYMBOLS

Vd Vg stator d- and g-axis input voltages
Vod sVog stator d- and g-axis input voltages
ig, Ig stator d- and g-axis input currents
idos Igo stator d- and g-axis airgap currents
Ldes Ige stator d- and g-axis iron loss currents
Ry stator phase resistance

R, iron losses resistance

., permanent magnet flux

Ly L, stator d- and g-axis self-inductances
p saliency ratio (L,/L4)

w, mechanical angular velocity

w electrical angular velocity

T torque

p number of pole pairs

P, copper losses

P, iron losses

P, total electric power losses

III. TPMSM MODEL WITH CONTROLLABLE POWER LOSSES
INCLUDED

Fig. 1 shows steady state d- and g-axis equivalent circuits
of PMSM in the dq coordinate frame which rotates
synchronously with electrical angular velocity @ [12]. The
same circuit can be used for both interior PMSM (where d-
and g-axis inductance are not equal, L, # L,) and surface
PMSM (L, =L,=L;).

WLy,

Figure 1. Equivalent circuits of PMSM: a) d-axis, b) q-axis

Based on Fig. 1 the mathematical equations of the
equivalent dq axis model of IPMSM in the rotor reference
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frame are expressed as [7]:

v [ v
|: d}:Rv|:d:|+[l+£J|: 0d:|’ (1)
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iad = id _icd’iaq = ifi _ifd’ (3)
j _ a)pLdiuq i — a)(l{lnt + Ldi(’d ) (4)
od — R 3%0q - R .

The iron losses, modeled by a parallel resistance R, which
is a function of rotor speed, are shown in Fig. 2. The parallel
resistance is estimated via no load test with presumption that
entire no-load losses are dominantly due to the iron losses
[12]. The variation of the L, and L, inductances due to
magnetic saturation effect are shown in Fig. 3 as function of
stator current level.
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Figure 2. Parallel resistance R, as function of speed
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Figure 3. Inductances L, and L, as function of stator current

The electromagnetic torque of the IPMSM consist of two
components: synchronous magnetic torque, proportional to
the product of the magnet flux and g-axis stator current, and
the reluctance torque, dependent on the saliency ratio and to
the product of dqg-axis stator current components. Based on
Fig.1 the torque can be expressed as:

3
T = Ep(qjmioq + (l - p)Ldio(/qu)‘ (5)

The copper losses are proportional to square of the stator
current amplitude and can be calculated using:

P. = %Rx (2 +i7) (6)

The iron losses consist of two components: hysteresis and
eddy current losses. The iron losses can be estimated using:
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P, =%R.(ifd +i2) (7)

The mechanical losses are uncontrollable, whereas the
electrical losses are controllable by current vector control.
The total electrical losses consist of copper and iron losses:

b, =F, + b ®)

The controllable electrical losses can be expressed as
function of 4, T and w from (3) to (7):

P, = fi,.T.0) ©)

Minimum of controllable electrical losses of PMSM (9)
can be found by differentiating the electrical losses P; with
respect to current i,, and equating the derivate to zero:

oP, /0i,=0. (10)

The explicit analytical solution of (10) exists only for

SPMSM [7]:
Lo'v (R +R
im,_ 5 dza) l//m( c s) =, (11)
La*(R. +R,)+R.R’

while for IPMSM it cannot be found and other methods of
losses optimization have to be used. Additionally, the
IPMSM must operate under the voltage (V) and current
({nax) constrains which also have to be included in the losses
optimization procedure:

i +i; <I.. (12)
Ve v SV (13)

Usually, 1, is 150 — 200% of rated motor current, while

the Vi is V,, / ﬁ when the inverter is controlled by space

vector pulse with modulation in linear regime (V,. is DC-
link voltage amplitude). Above the rated speeds (in the field
weakening range) voltage drop on stator phase resistance
can be neglected and voltage limit can be expressed as:

2 2 2
L
id + l//m + q iq S I/max .
L, L, oL,

The basic idea for IPMSM control optimization lies in
fact that for any speed and torque value there exists an
optimal current vector that provides minimal power losses.
For example, Fig. 4 shows the value of the total controllable
losses as function of i,, for a given speed and load torque.
The diagram shows the existence of such i,, current that can
yield to minimal controllable losses.

wee—

(14)
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Figure 4. Total controllable electrical losses as function of d-axis airgap
current at 8 krpm and 0,4 Nm
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IV. INTRODUCTION TO PARTICLE SWARM OPTIMIZATION

The PSO main goal is to explore the search space of
interest using groups made of particles. A group of particles
makes swarm, which is identified with a population in
evolutionary terms. Each particle is characterized by its
current position which represents a potential solution of the
optimization problem and its current velocity [17].

Velocity is the difference between the current and
previous positions. The initial position of each particle is
randomly set within the search space, while the initial
velocities are randomly chosen from the prescribed interval
of allowable values. Particles compute their criterion values
at each iteration, and use this information to update their
position within the search space. Each particle remembers
its best personal position in the history of the search that can
be denoted by ps,, While swarm remembers the best global
position within the swarm, denoted by gs.. In particle
swarm optimization (PSO), a particle’s movement is guided
by two solutions, the swarm’s global best and the particle’s
personal best. The basic idea of the PSO algorithm is that
particles are moving guided by the personal and global best
positions through the search space. PSO calculates a new
value of velocity in every iteration. A new position of each
particle is updated by the following expressions:

vk +1]= w-v[k]+ op - rplk]- (p[k] - k) (15)

+cg -rg[k]- (g[k] - »{k])
xlk+1]= x[k ]+ [k +1] (16)

The parameters w, cp and cg represent inertial, cognitive
and social component, while rp and rg are independent,
uniformly distributed random numbers in the range [0, 1].
Their values are changed in order to improve performance
which led to different modifications of the PSO algorithm
[26-30]. Here, the Generalized PSO (GPSO) algorithm is
used. GPSO is inspired by linear control theory [26],[29].

The authors in [26-30] have identified particles swarm
with dynamical system of second order with two inputs and
one output and then analyzed their stability. The input is
represented by personal and global position of the particle,
and the output of system is the current position of the
particle. The position of each individual particle in GPSO is
updated according to the recursive formula:

xlk +1]= 2E8( k) - 82 x[k -1+ (1-2&5 + 52)-

(€ Ppes K]+ (1= )€ ey [K])s
where 0 being the damping factor linearly decreased from
0.95 to 0.6, ¢ being the relative cognitive factor which
determines the relative influence of the personal best and the
global best attractor and its value is varied from 0.8 to 0.2, &
being the oscillation factor randomly chosen in each
iteration from interval [-0.9, 0.6].

The GPSO as an optimization algorithm can work in

optional n-dimensional space. The GPSO based
optimization control of IPMSM drives is described as
follows:
Step 1: The construction of fitness function with constrains
based on current and voltage limits. The penalty function
can be designed here for transforming the constraints into
the fitness value function to make the model being an
unconstrained optimization problem. The penalty function is
the punishment for violating the constraints.

an
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Figure 5. PSO based energy efficient interior permanent magnet synchronous motor drive

The fitness function F(x) is formed by the objective
function plus penalty terms for particles that have violated
some inequality constraints:

F(x)= () + 3 p, max(0,c,(x))", (18)

where f (x) is the objective function (9), ¢; (x) < 0 denotes
constrains (12-13) and p; denotes the penalty factor.

Step 2: During this step the number of particles (swarm
size) and number of iterations are specified; the initial
population is generated randomly and p,,, are set to be the
same as the initial population.

Step 3: The values of the fitness function of all particles
are evaluated; p,.,; of each particle is set to current position;
Zrest 18 set to be initial particle with the best fitness value.

Step 4: The position and the velocity particles are
updated according to (17) respectively.

Step 5: Evaluation of the updated population. For each
particle, comparison of its current fitness value with the
value of its p,. is introduced. If the current value is better
than update py.,, and g, of the particle.

Step 6: Check if a stopping criterion is satisfied. If it is
not satisfied, go back to Step 4. Otherwise, the optimization
process is ended with the best solution g, found.

V. PSO BASED SCHEME FOR OPTIMAL CONTROL OF HIGH
SPEED IPMSM

The PSO based scheme for optimal control of high-speed
IPMSM is presented in the Fig 5. The only difference
compared to the conventional control scheme is in PSO
block which provides optimal current references for each
load (7) and speed (w,) pair, yielding to minimum of
controllable losses.

The PSO block shown in Fig 5 is practically 2D lookup
table which contains optimal dq current pairs calculated
offline by using GPSO optimization. During the offline table
population phase the GPSO algorithm is called ones for each
predicted load and speed pair, then the search for minimum
power losses is performed and resulting current coordinates
are stored in the table. The search predicts the motor
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parameter variation, such as R. with speed and L, and L,
with current level.

The rest of the control structure is quite common for
shaft-sensorless IPMSM vector controlled drives. The rotor
position and speed are estimated using terminal quantities
[26] and further used for field orientation and speed control.
The speed regulator block provides the torque reference
which is, together with the estimated rotor speed, used as
input of the PSO block. The optimal stator current
references are read from PSO block and fed to the dq current
regulators within the current regulated voltage source
inverter (CRVSI).

The detailed flowchart of the optimal stator current
references calculation algorithm for whole range of speeds
and load torques is shown in Fig. 6.

The search for optimal stator current values is based on
GPSO algorithm (described in Section IV) and it is
performed once for each pair of torque and speed. The
GPSO algorithm for one speed and torque pair considers all
relevant motor parameters as constants, with the L, and L,
values established using current reference inherited from the
previous GPSO algorithm run and R, calculated for a given
speed. This simplifies the GPSO calculation process and it
turns out to be justified for small torque steps in which it is
not expected for current level to change drastically between
two consecutive GPSO runs. Initial population for airgap d-
axis current values is set for each GPSO run as random
numbers in the interval (-10, 0). The number of allowed
iterations used in optimization process was set to 40 and
number of the particles in populations was set to 25. Once
the one GPSO algorithm step is finished the (9) is used as
fitness (criteria) function of optimization algorithm.

The total number of GPSO algorithm calls depends on the
expected speed and torque range, as well as of the desired
speed and load reference resolution which defines the step
size. In the flowchart the maximum operating speed is noted
as My (8000 rpm is used) and the speed step as 4n
(100rpm). Also, it is recognized that the maximum torque
T'ax 1s the speed dependent, as shown in Fig. 7, whereas the
torque step was kept constant and set to 47 (0.01Nm).
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Initialization: n =0, T=0; R=Ry,
Ly=Law; Lg=Lg; RERAn); Tpiax™ Tinarm);

>
A 4
Initialization of PSO:
1.number of iteration
2.number of particles
3.initialization initial population
with random number between [-10, 0]
4.define fitness function
[PL] = Fitness(ioq,n,T)
Voltage limit: v/ v, <V
Current limit: i,/+i,"<lq”
> v B
R.=R.(n) Run PSO algorithm with GPSO Ly=L,(D
scheme of parameters

v

| Save the optimal i, value |

| Calculate and save the iy and i, value |

| T=T+AT |

< i) o]

No
| n=n+4n |

No

Figure 6. Flowchart of PSO optimization algorithm with the result in
optimal dq current pair for each speed and load used for offline calculation
of reference currents

The flowchart contains two loops. One inner loop is valid
for one speed and for 7,/ AT torque values. Due to the
speed dependence of T, the number of inner loop laps
varies from 150 at constant torque range to 60 at maximum
speed. The resulting stator current components from one
GPSO call are used to interpolate the new values of
parameters L, and L, which will be used for the next torque
load. The flowchart also performs 7, / 4n outer loops in
which the speed value is varied from 0 to the expected
maximum value. For every new outer loop lap the speed is
increased, the speed dependent parameter R, is changed and
the inner loop torque counter is reset to zero. Also, the L,
and L, are preset to the rated values.
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Figure 7. Maximum load torque in the constant torque and the constant
output power region
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Calculated optimal 7,; current component and electrical
losses for wide speed and torque are shown in Fig. 8 and
Fig. 9, respectively.

llIm.‘ lA-I

0 8000 n [rpm]

7[Nm]

Figure 8. Optimal airgap currents for the given speed and load torque
ranges

P W]

n [rpm]

T[Nm]

Figure 9. Minimal electrical losses for the given speed and load torque
ranges

Based on optimal i,; current component and (3) and (4)
optimal dg-axis current components are calculated and
shown in Fig. 10 and in Fig. 11, respectively. Energy
efficiency for the given speed and torque range is shown on
Fig.12.

llInl' [A]

6000

n [rpm]
o 8000

T[Nm)]

Figure 10. Optimal i, for the given speed and load torque ranges
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Figure 11. Optimal i, for the given speed and load torque ranges
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Figure 12. Energy efficiency for the given speed and load torque ranges
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Figure 13. Simulation results: Comparison of a) losses, b) direct stator
current component, c¢) efficiency and d) energy efficiency difference
between two methods for different loads at 8 krpm
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Fig. 13 shows computer simulation results for electrical
losses as a function of load at given speed (8krpm). The
results cover two control types: the conventional control
method always operating at the voltage limit (red, dashed),
and the suggested GPSO current references based control
algorithm (blue, solid). One can notice that controllable
losses are always lower when GPSO current references are
used. In general, the negative d-axis current reference
calculated by the GPSO algorithm is always higher, which
results in the reduction of motor flux, and, thus, in the
reduction of the iron losses. At the same time the copper
losses are increased, but the total eclectrical controllable
losses are still lower. Because of the fact that iron losses are
getting progressively dominated as speed gets higher, it is
obvious that GPSO algorithm yields to better efficiency in
the whole high speed range of IPMSM drive.

VI. EXPERIMENTAL RESULTS

The block diagram of used experimental setup is shown in
Fig. 14. The experiments were performed on high speed
IPMSM with its parameters listed in the Table 1. The motor
was controlled by low cost 1kW vector drive based on
Infineon Control Integrated Power System (CIPOS)
IGCMO06F60GA 600V/6A module operating at 16 kHz
PWM frequency. The drive operates shaft-sensorless, and
contains only one current shunt placed in the dc circuit from
which the three motor phase currents are reconstructed
online.

The GPSO algorithm based IPMSM drive control scheme
shown on Fig. 5 is executed in real time, every PWM period
on Freescale DSP 56F8245 operating at 60 MHz. The rotor
position and speed estimation are performed using shaft-
sensorless extended back-EMF algorithm [31].

The IPMSM is loaded with MAGTROL HD-705-7 brake.
Based on maximum load torque for selected speed, as
shown in Fig. 7, several points of interest are tested. The
data from DSP were transferred in real time into the PC via

fast serial interface and plotted in Matlab.
TABLE I. PARAMETERS OF THE [PMSM

Parameter Value
R, (Q) 3.04
Ly (mH) 16.64
L, (mH) 24.99
0.07
&, (Wb)
P (W) 1000
p 4

MAGTROL
HD-705-7
Brake

Coupling

DSP Code
Data Exchange

Figurel4‘ Block diagram of experimental test bench
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Figure 15. Experimental results: Comparison of a) losses, b) direct stator
current component, c) efficiency and d) energy efficiency difference
between two methods for different loads at 8 krpm

Fig. 15 shows experimental results for electrical losses as
a function of load at given speed (8krpm is selected) for the
two control types: the conventional type with voltage limit
(red, dashed), and the GPSO algorithm based control (blue,
solid). The results were collected for several load points, up
to 0.55 Nm at given speed. There are small differences
between tracks in Fig.13 and Fig. 15 due to non-modeled
friction losses. One can notice that in each load point the
GPSO algorithm yields to the better efficiency.
Improvement is more significant at light loads in same cases
up to 6%.

VII. CONCLUSION

In this paper the lookup table based approach for optimal
control of high speed IPMSM drives has been presented.
The lookup table is populated offline with GPSO based
power losses minimization algorithm results for each
expected pair of speed and torque. The optimal stator
current reference calculation algorithm is further improved
with the motor parameter variation prediction between two
successive algorithm calls. The whole expected speed and
torque range are covered using multiple GPSO calls, with
predefined speed and torque steps. Once generated offline,
the lookup table results are easy used as speed and reference
torque dependent current references in the existing IPMSM
real time control algorithm. The experiments show that this
approach results in significant reduction of power losses,
compared with conventional high speed IPMSM drive
operating at voltage limit. The proposed method can be

Volume 16, Number 1, 2016

extended to induction motor drive system by changing
mathematical model and optimization criteria.
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