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The article presents a measurement method for determining the power supply parameters for the optimal operation of a synchronous motor,
i.e. operation with minimal losses in the entire load range. The measurement strategy is based on the search for the minimum sum of the
power supplied to the excitation circuit and the stator circuit for the assumed load torque values. The process of searching for the minimum
sum of power can be significantly shortened and simplified by using a network parameter meter. The research confirmed the usefulness of
the proposed method for determining the optimal operation parameters of a synchronous motor. The tested motor was
a machine with a cylindrical rotor, but the developed method will also be applicable to synchronous machines with salient pole rotors.
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1. INTRODUCTION
The issue of the operational minimization of power losses
in electric motors has been the subject of research for many
decades. The largest number of studies has been focused on
induction motors, as their share in electric drives exceeds
90 %. More and more attention is paid to PMSM and
MIPMSM synchronous permanent magnet motors, [1]-[7].
On the other hand, the interest in synchronous motors with
electromagnetic excitation is declining. This may be due to
the fact that such machines are most often built as medium
and high power motors. So far, little work has been published
on the minimization of power losses in these motors [8]-[11].
The lack of interest may also result from the fact that in the
case of control enabling energy-saving operation, it is
necessary to give up the valuable property of the motor,
which is the ability to generate inductive reactive power by
an overexcited machine. The entire difficulty of optimal
control results from the necessity to select the appropriate
value of the supply voltage and the appropriate value of the
excitation current for a given load. For an induction motor,
the development of control for optimal operation comes down
to the selection of only one parameter, which is the supply
voltage. In the case of a synchronous motor, the
determination of optimal power supply parameters may be
performed by laboratory measurements or by simulation
calculations. In the course of laboratory tests, many tedious
measurements should be made, linking the supply voltage,
excitation current and load moment. This would be a difficult
and time-consuming task. Therefore, it was necessary to

develop an appropriate measurement strategy to simplify and
reduce the number of measurements leading to the
determination of the optimal power supply parameters.
The aim of the conducted research was:
- development of a measurement method allowing the
determination of power supply parameters for optimal
operation of a three-phase synchronous motor, which will
allow for a significant reduction in the time allocated to
measurements and their significant simplification by
introducing a network parameter meter into the measurement
system,
- demonstration that a synchronous motor powered by the
optimal parameters determined with the use of the developed
method operates with lower losses than when powered by
rated parameters appropriate for a given frequency,
- testing the behavior of selected power supply parameters
under optimal operating conditions.
Fulfillment of the assumed properties of the measurement
method was achieved by introducing a network parameter
meter into the measurement system. The inspiration was the
earlier use of such a meter to determine the optimal operating
parameters of a synchronous reluctance motor, which was a
much easier task, because in this case only one optimal
parameter was sought, which was the supply voltage [13].
2. ELECTROMAGNETIC

TORQUE, POWER
EFFICIENCY OF A SYNCHRONOUS MOTOR

LOSSES

AND

The electromagnetic moment Te in a synchronous motor
with a cylindrical rotor is described by the following equation
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𝑠𝑖𝑛𝜈 ,

(1)

𝜂=

where: m - number of phases, ns - synchronous speed, Uph phase supply voltage, U i - voltage induced in the stator
winding, Xd - synchronous reactance, ν - power angle.
In such a synchronous machine the electromagnetic
moment is proportional to the supply voltage and the induced
voltage generated by the excitation flux, the value of which
depends on the excitation current. The selection of power
supply parameters in the form of supply voltage and
excitation current is important for the process of minimizing
power losses in the machine.
In a synchronous motor we can distinguish losses
independent of the load. These include mechanical losses Pm,
i.e. losses due to friction in bearings and losses on ventilation.
The next losses are the losses depending on the machine
excitation current. These include losses in the machine core
(iron losses) PFe related to the phenomenon of magnetization
of the core and the resulting hysteresis losses and eddy current
losses. The largest group of losses are the losses depending
on the machine load. They arise as a result of the current flow
through the stator windings Pw and are determined according
to the relationship

where: P - motor shaft power.

𝑇 =

𝑃 = 3𝐼 𝑅

(8)

3. DESCRIPTION OF THE METHOD
It is best to start the measurements with the rated load PN
occurring at the rated supply voltage UphN, the rated stator
current ISN, and the rated excitation current IfN. For example,
for the assumed load we assume changes in the excitation
current in the range ( Ifmin - Ifmax ) by the value ΔIf = 0.25 A,
Fig.1.

(2)

where: Iph - phase current, Rph - resistance of one stator phase.
Additional losses Pa, the value of which is most often
estimated, are also dependent on the load [12].

𝑃 = (0.002 − 0.005)𝑃

(3)

The power supplied to the synchronous motor Pin consists
of the power supplied to the stator circuit Pins given by the
equation

𝑃

= 3𝑈 𝐼 𝑐𝑜𝑠𝜑

Fig.1. Measurements of individual powers Pins min and Pinf for the
selected values of the excitation current of the synchronous motor
and the adopted value of the load torque TS = const.

(4)

and the power supplied to the excitation circuit Pinf by:

𝑃

= 𝑈𝐼

(5)

where: Uf - supply voltage of the excitation circuit,
If - excitation current.
The total power Pin fed to the synchronous motor will be
equal to

𝑃 = 𝑃

+ 𝑃

(6)

while total losses will be equal to:

𝑃 = 𝑃 + 𝑃

+𝑃 + 𝑃

(7)

In the case of the method applied, the efficiency was
determined by the direct method according to the following
dependence

Fig.2. Searching for the minimum power Pins by changing the value
of the supply voltage from Uph max to Uph min for the adopted value of
the excitation current If and constant value of the load torque
TS = const.
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For each set value of the excitation current, the value of the
supply voltage is changed in the range ( Uphmax ÷ Uphmin ) by
means of an inductive voltage regulator so that the power Pins
indicated by the network parameter meter reaches the
minimum, Fig.2.
For the minimum power found, the sum of the power Pin
shown in Fig.1. is calculated.

𝑃 = 𝑃

+ 𝑃

The load of the synchronous motor was measured with a
dynamometer H, which was a separately-excited DC
generator operating at rated excitation current with the
following parameters:
Type PZMb 44b
PN = 1.5 kW
UN = 220 V
IN = 6.5 A
IfN = 0.42 A
nN = 1450 rpm.

(9)

The search for the minimum power is carried out for the
selected values of the excitation current in a specific range
( Ifmin - Ifmax ). For one of a series of selected excitation current
values, the total power supplied to the Pin motor will reach the
minimum Pin min value, which will mean that the machine for
these power parameters is at the optimal operating point. The
voltage corresponding to this operating point will be the
optimal voltage, while the excitation current will be the
optimal current. Then we reduce the load on the machine and
for the new value of the load torque we search the new range
of excitation current changes in terms of the search for the
minimum power delivered to the machine. In this way we find
the next optimal work point. By carrying out such tests for
several assumed load torque values, we can build the optimal
control characteristics Uph opt = f( TS ) and If opt = f(TS ) for the
synchronous motor tested.
4. MEASUREMENT OF OPTIMAL WORK PARAMETERS FOR
FREQUENCIES OF 50, 40, 30, AND 20 HZ
The object of the research was a synchronous motor with a
cylindrical rotor based on a slip-ring induction motor. New
stator and rotor windings were made and the air gap was
enlarged in order to increase the overload capacity of the
motor. The nominal parameters of the machine are shown
below:

Fig.3. Scheme of the measuring system to determine the optimal
parameter power supply for a frequency of 50 Hz.

The load on the dynamometer was the resistor RW with
adjustable resistance values.
Measurements of the optimal power supply parameters for
lower frequencies of fs = 40, 30, and 20 Hz were carried out
with the use of a synchronous generator driven by an
induction slip-ring motor powered by a frequency converter.

PN = 1.5 kW
UN = 200 V
ISN = 5.5 A
IfN = 4.0 A
cosφN = 0.9
ns = 1500 rpm.
T N = 9.55 Nm
Rphs = 0.88 Ω
Rf = 5.01 Ω (equivalent excitation circuit resistance)
The stator of the tested synchronous motor SS was supplied
from a three-phase network through an inductive voltage
regulator RI, which enabled the change of supply voltage
amplitude, Fig.3.
Measurements of averaged values of supply voltage, phase
current, power factor and active power consumed from the
network were made by the N10 network parameter meter. The
excitation circuit was powered from the 6D rectifier, and the
excitation current value was regulated by an inductive voltage
regulator supplied from a three-phase network. The power
supplied to the excitation circuit of the motor was measured
with a wattmeter W.

Fig.4. Characteristics of the optimal phase voltage Uph
function of the load torque TS .
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The performed measurements allowed for the development
of the characteristics of the optimal power supply parameters
Uph opt and If opt as a function of the torque TS on the machine
shaft for selected frequencies, Fig.4. and Fig.5.

total power losses in the machine for the frequency of 50 Hz
with the supply with the rated voltage and excitation current
and the supply with optimal parameters.

Fig.5. Characteristics of the optimal excitation current If
function of load torque TS.

Fig.7. Total power loss for optimal operation (blue line) and for
operation with rated voltage and rated field current (red line);
fS = 50 Hz.

opt

as a

It was also examined how the power factor cosφopt changes
under optimal operating conditions. Fig.6. shows the values
of the power factor depending on the load torque TS for all
selected frequencies.

Fig.8. compares the machine efficiency in the conditions of
optimal operation ηopt and operation at the rated voltage and
the rated excitation current.
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Fig.6. Characteristics of the optimal power factor cosφopt..

It turns out that the power factor values do not change much
with increasing load and can be considered approximately
constant for a given frequency. The motor then works with a
slight underexcitation.
In order to present the benefits resulting from the optimal
operation of the tested synchronous motor, Fig.7. shows the
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Fig.8. Efficiency characteristics for optimal operation (blue line)
and for operation with rated voltage and rated field current (red line);
fS = 50 Hz.

The total power losses and efficiency were also calculated
for the frequency fS = 30 Hz for both types of work. The
calculation results are presented in the graphs, Fig.9. and
Fig.10.
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Fig.9. Total power loss for optimal operation (red line) and for
operation with rated voltage and rated field current (blue line);
fS = 30 Hz.

2. The described measuring method can be used for
synchronous motors with cylindrical rotors and for rather low
power salient pole motors. This limitation results from the
rated data of the network parameter meter. In the event of
their extension by the use of, for example, current
transformers, measurements can be performed on motors
with higher power.
3. The described measurement method can be used in
didactic laboratories, e.g. laboratories for machines and
electric drives, in order to show students the possibilities of
optimal operation of a synchronous motor.
4. The optimal power supply parameters determined during
the tests, i.e. supply voltage and excitation current for the
adopted frequencies of fs = 50, 40, 30, 20 Hz, can be used to
control the synchronous motor in order to perform the optimal
operation of the machine, i.e. work with minimum losses for
each load value.
5. The presented collective characteristics of optimal
excitation currents indicate their small dispersion, which
makes it possible to replace them with one averaged
characteristic and use it to control the motor.
6. The power factor for selected frequencies at optimal
operation is lower than cosφ = 1 and can be considered
approximately constant for a given frequency.
7. The presented diagrams of total losses for the rated
parameters and for the optimal parameters, Fig.8., Fig.10.
show the possibility of reducing losses, especially in the
range of small loads. This significantly increases the
efficiency of converting electrical power into mechanical
power in the machine.
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