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The authors present a methodology for the calculation and optimisation
of regulation laws that apply to electronically commutated synchronous
motors with predefined characteristics. It is shown that the synchronous
electronically commutated motors can provide predefined characteristics with
the maintenance of high energy performance by simultaneously regulating
supply voltage, excitation current and load angle.
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1. INTRODUCTION

Development of semiconductors, microprocessors and motor production
technologies makes it possible to solve issues of electric motors with predefined
characteristics. The topicality of this task is based on a great variety of electrically
driven equipment and the necessity to save energy. The best way to achieve this
task is to use electronically commutated motors, which are based on synchronous
motors operating in special modes together with a semiconducting commutator
and feedback of the motor rotation speed. These types of electrical machines are
known as having sufficient power density and efficiency to meet the criteria and
requirements of modern electrical drives [1]-[3].

The analysis shows that depending on the commutator circuit and the type of
motor excitation electronically commutated synchronous motors can provide a wide
spectrum of motor characteristics that are similar to brushed DC motors with shunt,
series or compound excitation [3], [4]. The paper [3] shows that in order to ensure
the high efficiency of electronically commutated synchronous motors operating with
variable load, it is necessary to regulate supply voltage U, excitation current /, and
load angle 6.

Results of the studies, which have been carried out until nowadays, and
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the modern microprocessor technologies allow us to formulate the task of motor
synthesis and optimisation by combining these two stages in one.

2. METHODOLOGY FOR THE SYNTHESIS OF THE ELECTRONICALLY
COMMUTATED SYNCHRONOUS MOTOR

The motor synthesis and optimisation task can be conditionally divided into
several stages:

* development of the computer program for calculations and optimisation
of motor characteristics;

* regulation rule calculations for supply voltage U , excitation current /, and
load angle 0, which provide motor predefined characteristics in certain
ranges of the variable load;

* electric motor optimisation in order to increase its efficiency during
operation in special operation modes;

* determination of the spectrum for characteristics that can be useful to
implement in the dimensions of one motor;

* practical implementation of supply voltage U, excitation current /, and
load angle 6 regulation.

Armature current /,, electromagnetic torque M, electric power P, phase shift
¢ (angle between armature current and supply voltage) and magnetization current /p
of salient pole synchronous motors can be determined from relevant equations [5]:
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® is the angular frequency of armature current;

p is the number of pole pairs;

m is the number of phases;

L, is the inductance corresponding to the flux of armature reaction;
c is the leakage factor of the armature winding;

7 is the active resistance of the armature winding;

k, kq is the field shape factors.

Equations (1)—(5) correspond to the general case — the salient pole synchronous
machine with an excitation winding. In case if & /k, =1 or I, = 0 it is possible to
obtain equations for non-salient pole synchronous machine or synchronous
reluctance machine, respectively. In these cases, equations are more simplified.
Given the fact that most applied motors in modern electric drives are motors with
permanent magnets, which have no excitation winding, permanent magnets have to
be conditionally replaced by equivalent winding current /,.

Motor mechanical power P, can be calculated by losses of armature current
deduction from electric power P,. The losses of armature current are proportional to
1%, excitation winding losses (proportional to />, mechanical losses (proportional to
®*) and the losses in the motor core proportional to ®'?). The efficiency factor of the
machine is determined as n = P /P,. Starting torque M, is determined by equation
(2) when ® = 0:

A = MPLaal

» [/, cosO— ;J—rl - Bsin(20)]. (6)

i i

In deriving of equations (1)—(5), it is assumed that the phase currents and
voltages are sinusoidal, the excitation current has been transmitted to the armature
winding, but the magnetic circuit of the motor is unsaturated.
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The computer program for calculations and optimisation of motor
characteristics is convenient to be implemented in MS EXCEL with the possibility
to print out all necessary graphs and tables.

In case of a synchronous motor without regulation, when U, = const, 7, = const
and 0 = const, calculations of the motor characteristics are relatively simple. Motor
parameters [, M, P, Iu, cose, P, and n, which are used for the definition of the
motor characteristics, are calculated from basic equations (1)—(5) of synchronous
machines, taking angular frequency o as a variable value.

Ifregulation of the motor parameters is provided, the synthesis and optimisation
of the regulation laws for a motor with predefined characteristics are useful to be
executed simultaneously.

For the optimisation of synchronous motor characteristics, the following
methodology can be suggested.

First, the desirable characteristics, for example, mechanical characteristic ® =
fiM) is pre-set by the graph or table data. Then the permitted ranges of variable
parameters 7, 0 and U, are determined. Further calculations are done in the following
order: for every point of the predefined characteristic ® = f{M) values of 7, 6 and
U, are calculated by the use of equations (1)—(5) that provide, first, the predefined
values of ® and M, and second, optimisation criteria — minimum losses in the studied
motor (or maximum 7). Regulation rules as 7, = AM), 6 = fiM) and U, = AM) can be
obtained by repeating the same calculations for over several points (usually 5—10)
of predefined characteristic ® = f{M). Depending on the practical implementation
in a particular case, regulation rules for the studied motor can easily be obtained as
functions of anchor current /, or over motor parameters.

There are two methodologies used for motor optimisation.

In the first case, the optimisation is carried out by calculation of all possible
combinations of 7, 6 and U,. For this purpose, before starting the calculation, it
is necessary to determine both the range and the step of variation for each of the
variable parameters. In addition, it is necessary to specify the required values of
the torque M and the angular frequency ® at several points (5-10 points) of the
predefined characteristic. The allowable error of the solution has to be specified as
well.

Since values of all variables 7, 6 and U, should be changing during the
searching of a solution, three nested loops are formed in the program. The values of
voltage U, are changing in the outer loop, the load angle 6 — in the middle loop, and
the excitation current 7, — in the inner loop. The corresponding values of torque are
determined for each resulting combination of parameters /,, 6 and U,. The purpose
of this search is to find such values of the variable parameter for which, with a given
accuracy, the value of M, is in the vicinity of the desired value M. If the solution
is located between present and previous values of the searched M, more detailed
search is performed by dividing the segment in half. However, any solution, which is
found in this way, is only one of several possible options. Combinations of variable
parameters /1, 6, U, with over parameters in interest that ensure maximum efficiency
n,,, are saved.

Such search is repeated for each point of the predefined characteristic o = f{M).
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Characteristic n = f{M) and regulation laws I, = fiM), 6 = AM), U, = f{M) that are
based on founded combinations of variable parameters are plotted at the beginning
of the program.

In the second optimisation case, the calculations are repeated for different
initial points that are uniformly distributed in the region of permissible values of
variable factors [5], [6]. If the optimisation invariably ends with practically the same
values of 1, 0, U, this indicates that the obtained solution is a global, rather than a
local maximum.

Analysis of both optimisation methodologies shows that values of n
obtained by two methods do not differ by more than 5 %.

max

It is necessary to point out that during the calculation and optimisation process
for providing the predefined characteristic, all variables 7,, 0 and U, cannot be
considered as independent variables, but only any two of them. Therefore, each time
when values of two variables are chosen at random, for example, 7, and 0, the value

of the voltage U, correspondently is calculated from equations (1)—(5).

3. CALCULATIONS OF REGULATION LAWS FOR ELECTRONICALLY
COMMUTATED SYNCHRONOUS MOTORS

Below, as an example, the proposed methodology is illustrated by non-salient
pole and salient pole three-phase synchronous motors.

Parameters for studied non-salient pole synchronous motor are as follows:
r=25Q,6=1,07,L,=0,3H, p=3. Figure 1 shows two predefined mechanical
characteristics No. 1 and No. 2 for the studied motor.
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Fig. 1. Predefined mechanical characteristics in the first example.

Regulation laws I, = fiM), 6 = AiAM), U, = fiM) and n = f (M) for studied
non-salient poles that provide predefined mechanical characteristics (Fig. 1) are

shown in Fig. 2. In this case, the minimum losses in the studied motor (or maximum
efficiency) are accepted as optimisation criteria. The restriction for supply voltage U,
is accepted, which does not allow increasing it above the nominal value.
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Fig. 2. Regulation laws I, = f{iM), 6 = f{iM), U, = iM) and n = f (M) for defining non-salient
motor characteristics No. 1. (a) and No. 2. (b).

Figures 1 and 2 show that simultaneous regulation of the motor parameters /,,
0 and U, can provide the motor predefined characteristics with high efficiency.
Parameters of the studied salient pole synchronous motor: », =2.5 Q, 6 =1.07,
L,=03H,p=3andk/k,= 0.8. Predefined mechanical characteristics No. 1 and
a q
No. 2 for the second example are presented in Fig. 3.
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Fig. 3. Predefined mechanical characteristics for the second example.
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Regulation laws 1, = AM), 0 = fiAM), U, = AM) and n = f (M) for studied salient
poles motor that provide predefined mechanical characteristics (Fig. 3) are shown in
Fig. 4.
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Fig. 4. Regulation laws U , 1,, 0 = f (M) and n = f (M) for defining salient pole motor characteristics
No. 1. (a) and No. 2. (b).

Comparison of calculated characteristics with the results obtained in the
experiments shows that the proposed methodology makes it possible to obtain
results, which reflect the nature of the physical process in the motor with a sufficient
degree of accuracy.

The analysis shows that by reducing the number of parameters under regulation
up to two or just one, the predefined mechanical characteristics can be provided in
a narrower range versus to the case where all three parameters are under regulation.

4. THE PROPOSED SYNCHRONOUS MOTOR CONTROL SYSTEM

Functional scheme of the synchronous motor control system for validation of
the proposed methodology is shown in Fig. 5.

To increase the reliability and efficiency of the variable speed drive of the
synchronous motor, a sensorless control circuit has been implemented. The drive
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control method is speed-independent and it is based on commutation thresholds by
sensing the terminal voltage differences between two control states of each phase
of the armature winding. From these differences, the actual rotor position 6 can be
calculated using rotor speed and position calculation algorithm [7], [8].

For the terminal voltage and current measurement, a block with voltage and
current sensors for each phase of the armature winding is used. This control method
is effective from the start-up of the synchronous motor up to 100 % PWM duty
cycle of the three-phase inverter. When the PWM duty cycle approaches 100 %, the
rotor position is obtained by calculation of the zero-crossing point (ZCP) of back-
electromotive force (back-EMF), thus achieving full-speed range sensorless control
of the synchronous motor [9].
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Fig. 5. Functional scheme of the synchronous motor control system.

5, CONCLUSIONS

Based on the results obtained within the framework of the conducted research,
the following conclusions can be drawn:

1.

The proposed methodology makes it possible to synthesize motors with
predefined and variable characteristics.

Reducing the number of parameters under regulation narrows the ranges
of the set characteristics.

In the proposed synchronous motor control system position closed-loop
control is used at the beginning of the motor operation.

Commutation instants are acquired directly instead of a phase shift from
the zero-crossing point (without low-pass filters) in the commutation
threshold-based method. Therefore, there are no phase delay problems.
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5. Precise parameters of the synchronous motor are not needed.

6. The proposed control system is easy to implement because it requires
no extra hardware components (low cost) and there are no complicated
computations.
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SINHRONO VENTILDZINEJU SINTEZE AR IEPRIEKS UZDOTAM
RAKSTURLIKNEM

L. Lavrinovica, J. Dirba, K. Sgj&js, E. Kamolins
Kopsavilkums

Piedavata reguléSanas likumu aprékinu un optimizacijas metodika
ventildzingjiem ar ieprieks uzdotam raksturlikném. Paradits, ka vienlaikus regulgjot
baroSanas spriegumu, ierosmes stravu un slodzes lenki, sinhronais ventildzingjs var
nodros§inat ieprieks uzdotas raksturliknes, saglabdjot augstus energétiskos raditajus.
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