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Abstract—In this article, the physical features of electromagnetic and electromechanical processes in regu-
lated dc valve motors with pulse-width modulation of voltage on armature are considered. The features of the
influence of position-dependent switching and control on the functioning of such valve electromechanical
systems are analyzed. In rowing electric drives of mobile objects, the use of an adjustable motor of this type
has an advantage compared with an asynchronous clock-controlled motor with a short-circuited rotor, which
provides the necessary number of consecutive smooth starts.
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INTRODUCTION

In the relatively short period of time that has passed
since the appearance of the first industrial batches of
valve motors (VMs) on resistors and transistors, vari-
ous methods for implementing position-sensitive con-
trol and switching methods of controlled valve
switches (CVCs) have been developed [1, 2]. In this
regard, two main trends in the considered field of elec-
tromechanics have appeared. One of them consists in
the improvement of circuits and designs of valve
motors based on modern power semiconductor tech-
nology and integrated electronics, and the other con-
sists in an in-depth theoretical study of such machines.
Both these trends are closely interrelated and are
caused by a number of problems in creating an eco-
nomical and highly reliable brushless dc electric drive.
Among them, the problems of switching and dynamic
stability, as well as the impact of positional feedback
on the complex of electromagnetic and electrome-
chanical processes in a VM, should be noted (Fig. 1).

Identification of the characteristic features of this
class of valve electromechanical systems, regardless of
specific circuit options and areas of application, will
allow establishing their most general properties. This,
in turn, will make it possible to analyze the most com-
plex transient processes, as well as determine the con-
ditions for the static and dynamic stability of the object
under study.

The electromagnetic interaction between the
inductor and the armature winding of a synchronous
electric machine of an VM flown around a nonsinu-
soidal current introduces significant specificity into

the process of energy conversion and its operational
characteristics.

Rotational speed ω in an electric drive with a VM
can be regulated by changing voltage on the armature
winding Ua and weakening the main magnetic f lux. In
a VM with permanent magnets, the f lux is weakened
by changing the f lux linkage of the equivalent arma-
ture winding by adjusting the control angle of the
CVC. The regulation of ω for VM by changing Ua has
its own pecularities and requires more careful study.

In propulsion electric drives of moving objects, the
use of an adjustable motor of this type has the advan-
tage, compared with an asynchronous frequency-con-
trolled motor with a squirrel-cage rotor, that provides
the required number of smooth starts and reversals.

This paper considers the features of regulating the
rotation speed of a dc VM on fully controlled valves
with electromagnetic excitation.

PURPOSE AND OBJECTIVES OF THE WORK
The goal is to identify the features of pulse-width

regulation (PWR) of voltage on the armature winding
This is achieved
— first, by presenting the voltage curve in the form

of a harmonic series and analyzing the influence of the
duty cycle of PWR on the “useful” component and the
spectrum of harmonics;

— second, by assessing the qualitative and quanti-
tative composition of currents f lowing through both
circuits of the machine under PWR for various laws of
distribution of magnetic induction along the air gap;
512



SELF-OSCILLATORY PROCESSES IN PULSE-WIDTH REGULATION 513

Fig. 2. Voltage on VM armature at PWR.
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Fig. 1. Electromagnetic circuit of an m-phase VM with
CVCs on fully controlled valves.
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— third, by studying the influence of combina-
tional harmonics of currents and components of the
electromagnetic torque of infralow frequencies on the
stability of engine operation.

RESEARCH RESULTS
Under PWR, CVC power valves periodically open

and close during the interval of their operation in
accordance with the amount of voltage supplied to the
motor (Fig. 2).

This voltage curve can be represented as a har-
monic series:

(1)

where Ω is the frequency of the fundamental har-
monic of the alternating voltage component,

 is the duty cycle of control pulses, and

 is the switching frequency factor to the main
rotation speed.

Constant component  is decisive for the motor
speed and torque. By changing the ratio

, one can adjust the value , thereby
setting the operating mode of the engine. Analysis of
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expression (1) shows that, with decreasing duty cycle
τ, constant voltage component  changes propor-
tionally to τ.

Variables  at fully open valves (τ = 1) are equal to
zero, and, with decreasing τ, the amplitude values of

 change according to the dependences presented in
Fig. 3. At τ = 0.5, the first voltage harmonic reaches its
maximum value, whereas constant component  has
a significantly smaller value than at τ = 1.

Electromagnetic processes in a valve motor con-
trolled using PWR will thus differ from the processes
in a valve motor, the supply voltage of which does not
contain variable components.

To assess the qualitative composition of the cur-
rents f lowing through both circuits of the machine
under PWR, we note the following.

The assumption of linearity of the valve motor
allows one to apply the principle of superposition, due
to which the current f lowing through the circuits of the
machine will be equal to the sum of the currents aris-
ing from each component of the applied voltage.

For the case of a sinusoidal law of induction distri-
bution in the air gap, when a constant voltage arma-
ture is connected to the winding, a current of the fol-
lowing form flows through it:

For the rth harmonic of the applied voltage, a partic-
ular solution of the system of VM equations [3] will be

and, taking into account all voltage components (1),
the armature current can be represented by the follow-
ing expression:
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Fig. 3. Change in harmonic components of voltage on VM
armature depending on duty cycle of PWR pulses.
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(2)

For the case of a trapezoidal law of change in the
field in the gap, taking into account only the constant
voltage component, the current in the armature wind-
ing will be

Using the system of equations [4], one can write
the current in the form

(3)

Finally, the expression for the armature current will
be the sum of solutions of type (3) for all harmonics of
the applied voltage of type (1):

(4)

Determination of the amplitudes of the armature
currents, both at sinusoidal and at trapezoidal distri-
bution of induction in the air gap, must be carried out
separately for each component of the applied voltage.
When substituting the current in form (2) and (4) into
the equilibrium equation [3], the equations are
obtained, each of which breaks down into r systems of
algebraic equations of arbitrary order. The solution of
any of the systems is carried out similarly to the solu-
tions described in [3, 4] for various laws of induction
distribution in the gap.

The currents flowing through the armature winding
will then be determined further as the sum of partial solu-
tions for each rth harmonic of the applied voltage.
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In PWR systems, switching frequency Ω is selected
to be, as a rule, significantly higher than the maximum
motor speed. Therefore, at sufficiently large value of

, the harmonic components of the armature current
caused by alternating voltages  (where n =
1, 3, 5, …∞) are negligible in comparison with con-
stant component of the armature current  and their
influence on the motor performance is negligible.

During the regulation process, a decrease in  will
entail a corresponding decrease in , while the mag-
nitudes of variable components of the current may
increase.

Constant component  causes in a motor arma-
ture, as has been shown, a current of the form

At the same time, the first harmonic  will cause
a current oscillation of corresponding frequency Ω;
that is,

(5)
which should be one of the partial solutions of the sys-
tem of differential equations [3], if the right side of this
system is a periodic function of form (1) and, taking it
into account that the mutual inductance along the d
axis can be written as

and the excitation current if in the first approximation
is considered ideally smoothed, we obtain

where

(6)
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(7)

Number n of these systems of equations of arbitrary
order is determined by the given accuracy of determin-
ing the armature and excitation currents and the order
of their decrease.

To determine the descending order of the har-
monic components of currents ,  and the

required number of equations, one can use analytical
expressions for currents at the zero (S = 0) approxima-
tion of the solution of the selected determinants, since
it is the zero components of the periodic coefficients
that are decisive when solving systems of arbitrary
order of this type.

Thus, at S = 0, we obtain
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Fig. 4. Relative amplitudes of higher current harmonics at
different duty cycles of width-modulated signal.
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As for the armature circuit, taking into account the
above and taking (5) into account, for variable compo-
nents,  can be written as

(8)

Analysis of the resulting expression (8) shows that,
with increasing number n, the nature of the decrease
in the harmonic components of the current is quite
complex and ambiguous for different angles of regula-
tion of the duty cycle of the pulse-width signal τ.
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The dependence of the higher harmonics relative to
the first harmonic of the current presented in Fig. 4
shows that at certain values of the duty cycle τ, some
harmonics of a higher order take on the values exceed-
ing the value of harmonics of a lower order. Conse-
quently, the series, the coefficients of which are deter-
mined by expression (8), has poor convergence, which
does not allow one to simply evaluate the possibility of
its truncation.

Analysis of these curves shows that at significant
loads on the motor shaft, both the first and higher cur-
rent components have a relatively small value through-
out the entire range of changes in τ, if ξ > 8.

When n = 0, expressions for constant components
of the currents  are similar to the expressions
obtained in [4], and the value of the armature voltage
is determined by the duty cycle of the control pulses τ.

For each n different from zero, the harmonic com-
ponents of the currents can be approximately deter-
mined by noting the following.

Since voltage on the inductor Uj does not contain
alternating components, then, when n ≠ 0, Uf(n) = 0.
In addition, when the valve motor operates with angle
β = 0, mutual inductance M0, depending on the value
of sinβ, is also zero. Therefore, the numerator of the
second expression in (9) is absent, as a result of which
the current in the excitation circuit is determined only
by voltage  and active resistance Rf and does not
contain harmonic components.

Based on this, the components of the armature and
excitation currents during pulse-width regulation of
the voltage on the VM armature, taking into account the
principle of position-dependent control of the valve
switch, are determined by the following expressions:
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However, the magnitude of the variable compo- this harmonic has the greatest value at τ = 0.5, which

nents of the armature current also largely depends on
switching frequency Ω, and, at sufficiently high
switching frequencies Ω, high harmonic currents
become negligible relative to the constant component.

The nature of the change in the first harmonic
armature current depending on the multiplicity of
switching frequency to the motor speed ξ for different
values of the duty cycle τ and loads on the motor shaft
is shown, respectively, in Fig. 5.

If the motor load is small, neglecting the first harmonic
can no longer be acceptable even at ξ = 10 (Fig. 5), and
is due to the maximum value of the first harmonic of
the applied voltage (Fig. 3).

The second and subsequent harmonics become
insignificant at ξ > 8 throughout the entire range of
changes in load and regulation parameter τ (Fig. 6).

Thus, if the switching frequency at PWR is an order
of magnitude higher than the motor speed, in the
nominal mode of operation of the engine, only the dc
component of the applied voltage can be taken into
account. However, when shedding the load, taking
into account only the constant component may be
LECTRICAL ENGINEERING  Vol. 95  No. 6  2024
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Fig. 5. Dependence of amplitude of first harmonic of cur-

rent  relative to constant component at different duty
cycles and VM loads.
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Fig. 6. Dependence of relative amplitude of second har-
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insufficient, and in this case, the first harmonic of the
alternating voltage should also be taken into account,
especially since, in the control range at τ = 0.5, the
amplitude value of the first harmonic of the current
can reach 30% of the constant component.

Consequently, when solving system of differential
equations (7), it breaks down into two systems of alge-
braic equations of arbitrary order, from which the
complex amplitudes of the components of the arma-
ture and excitation current can be determined.

Moreover, one of these systems allows determining
the current components of frequencies Sθ, caused by
the constant voltage on the armature, and the second
allows determining the components of the current of
combination frequencies (Ω ± Sθ) caused by the first
harmonic of the supply voltage.

One of the most important points in solving the
second system of equations is the determination of the
components of infra-low-frequency currents that
appear when switching frequency Ω is close to Sθ and
cause “oscillations” of the motor.

In this regard, the following can be noted. The
greatest likelihood of “swinging” occurs at low motor
loads, when the rotation speed is higher than in the
nominal mode. This situation is explained by the fact
that the equality of frequencies Ω and Sθ, for high
rotation frequencies, occurs at lower S, and, since the
higher harmonic ones decrease in proportion to S, the
currents and, accordingly, the component of the
torque of the infralow frequencies have high value at
high speeds.

Obviously, in the process of regulation over a wide
range of change in the speed, “swings” appear for sev-
RUSSIAN ELECTRICAL ENGINEERING  Vol. 95  No
eral discrete values of τ. However, their magnitude can
be so insignificant that, due to the inertia of the rotor,
they will have practically no effect on the operation of
the motor. Moreover, the higher switching frequency
Ω, the less the magnitude of components of current
and torque of infralow frequencies. Since an excessive
increase in Ω leads to an increase in losses and,
accordingly, its dimensions, the question of determin-
ing the minimum switching frequency at sufficiently
small torque components of infralow frequencies is
very important and must be solved specifically for
each standard size of the VM, based on the specified
control range, moment of resistance on the shaft, and
design parameters and characteristics.

Calculation of the components of the electromag-
netic torque for a VM prototype showed that the high-
est value of the torque of combination frequencies

 occurs within the range from 0.5  to 0.7 
and is determined mainly by the first harmonic of the
alternating voltage (Fig. 7).

Some shift to the right of the maximum value of
 relative to 0.5  is explained by the slight influ-

ence of the second component of the harmonic volt-
age on the armature.

It should be noted that the magnitude of the com-
ponents of the torque of combination frequencies is
negligible throughout the entire control range τ if the
ratio of the switching frequency to the motor rotation
speed is more than 10 (Fig. 7).

At a lower multiplicity, the components of the
torque can cause already noticeable “swings” in the
motor operation, since, for example, at a multiplicity
of 7, this component reaches 12–15% of the rated
torque.
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Fig.7. Dependence of moment of combination frequencies
on duty cycle.
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The functional diagram of an electric drive with a
VM includes a synchronous machine with electro-
magnetic excitation—an electromechanical part
(EM); rotor-position sensors (RPSs); a valve con-
verter with position-dependent commutation (CVC),
a control system (CS) (Fig. 8), which determines the
operating modes of the motor; two controlled rectifi-
ers (CR1 and CR2), one of which provides regulated
power to the armature circuit, and the other to the
field windings; and current transducers (CTs)
designed for protection against overload and short cir-
cuits in a VM and CVC.

The three-phase armature winding of a synchro-
nous machine, connected in a star, is located, as usual,
on the stator. The inductor is a salient-pole rotor, and
voltage is supplied to its winding through slip rings.

The functional diagram of a wide-adjustable elec-
tric drive with a VM is shown in Fig. 8, and technical
data on the electromechanical part—a salient-pole
synchronous machine with electromagnetic exci-
tation—in Table 1.

Under PWR of voltage on the armature winding in
the case of using permanent magnets, there are some
features that contrast with a VM with electromagnetic
excitation.

When a field is created by permanent magnets
(according to (2) and (4)), the current frequencies
under PWR are only multiples of (Skθ + rΩ); that is,
in the current spectrum of the armature there are no
combinational components that are multiples of Sk, as
well as rΩ.
RUSSIAN E

Table 1. Basic technical data of an EM VM

Pn Uph Iph m If Rph Rf Ld/Lq 2p

4.5 kW 220 V 11.3 А 3 11.3 0.76 Ω 2.28 Ω 1.38 4
Thus, the replacement of the excitation winding with
permanent magnets leads to an improvement in the har-
monic composition of the armature current curve at
PWR. However, a significant increase in the switching
frequency, Ω, i.e., the carrier frequency of PWR,
entails an increase in losses in the converter and, as a
consequence, an increase in the mass and dimensions
of the cooling radiators of CVC power switches.

CONCLUSIONS
Thus, under PWR, the valve motor has regulating

characteristics similar to the commutator motor with
armature control, and variable components of the
electromagnetic moment of frequencies (Sθ ± nΩ) at
sufficiently high switching frequency factor (ξ ≥ 10) do
not have a significant impact on the motor operation.

In a VM with electromagnetic excitation, trans-
former EMFs appear in the excitation circuit of the
frequency Skθ ± rΩ, under the influence of which
EMFs arise in the armature circuit and currents of the
frequency, as well as a multiple of Skθ ± rΩ.

ABBREVIATIONS AND NOTATION

DC direct current
VM valve motor
CVC controlled valve switch
ω rotational speed
PWR pulse-width regulation
Ω frequency of fundamental harmonic of

alternating voltage component
τ duty cycle of control pulses
ξ switching frequency factor to main rota-

tion speed.
β angle
cp control pulse
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voltage
Rf active resistance
CF combination frequency
EM electromechanical part
RPS rotor-position sensor
CS control system
CR controlled rectifiers
CT current transducer
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