
Citation: Makarchuk, O.; Całus, D.

The Design and the Control Principle

of a Direct Low-Speed PMSM

Servo-Drive Operating under a

Sign-Changing Load on the Shaft.

Energies 2024, 17, 3134. https://

doi.org/10.3390/en17133134

Academic Editor: Ahmed Abu-Siada

Received: 5 June 2024

Revised: 14 June 2024

Accepted: 18 June 2024

Published: 26 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

The Design and the Control Principle of a Direct Low-Speed
PMSM Servo-Drive Operating under a Sign-Changing Load
on the Shaft
Oleksandr Makarchuk 1,2 and Dariusz Całus 1,*

1 Faculty of Electrical Engineering, Czestochowa University of Technology, J. Dąbrowskiego Str. 69,
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Abstract: The paper relates to the development of an algorithm applicable for maintaining the
rotational speed of low-speed drives using PMSM motors and operating under a sign-changing load.
The moment of inertia of rotating parts does not play the role of a mechanical stabilizer for the speeds
discussed in the article. Simulation studies are presented with the aim of developing a rotational
speed control algorithm that utilizes only positional feedback and the previously assumed sign-
changing load on the shaft. For the purposes of this research, a mathematical model was developed
to calculate transient processes in a PMSM machine operating in the conditions of a sign-changing
load on the shaft. This model assumes a deterministic control principle adapted to the known nature
of the load change. In this model, the mutual influence occurring between the phase fluxes, the
electromagnetic torque, the electric currents and the rotor position angle are established on the basis of
FEM analysis of a two-dimensional magnetic field using a quasi-stationary approximation. Principles
applicable for controlling a direct low-speed servo drive based on a PMSM machine operating with a
known variable shaft load using only positional feedback and a predetermined shaft load change law
are defined. The proposed regulation method is verified in an experimental manner. For this purpose,
an experimental setup was built, which includes a PMSM with a load imitator on a variable sign shaft,
an inverter providing sine-shaped power supply to the machine and a digital dual-processor control
system. The discussed rotational speed stabilization algorithm was implemented in the form of a
program for a microcontroller, which forms a part of the control system. The results of experimental
tests confirm the adequacy of mathematical modeling and the effectiveness of the proposed rotational
speed stabilization algorithm.

Keywords: PMSM servo drive; rotational speed stabilization; load with a variable sign; generating
sinusoidal supply voltages; FEM analysis

1. Introduction

Synchronous machines comprising permanent magnets, which according to interna-
tional terminology are known as PMSMs (permanent magnet synchronous motors), are
widely found in servo drives in various industrial purpose applications, electric transport,
in metal processing machines, etc. As a consequence of their relative high energy and
reliability parameters, like small inertia and low noise level, such machines provide a
suitable alternative for other types of electric machines [1].

PMSM forms a system characterized by considerable, usually nonlinear electromag-
netic relationships. When PMSM is applied in actual industrial conditions, its parameters
are not constant and can vary within a certain range, depending on the variations in the
parameters of the working environment–shaft torque and rotational frequency. The fluc-
tuations of these values within the abovementioned range may be unacceptable from the
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viewpoint of the required level of stability and operational safety of the entire system.
Therefore, the dynamics of PMSM operation in various operating modes and the stability
conditions must be clearly defined, at least for the theoretical justification for employment
of a PMSM-based drive [2].

It should be emphasized that PMSM are understood to be machines designed to
operate with a sinusoidal voltage or current source, whose initial phases and frequency are
relative to the angle of rotation of the rotor.

2. Analysis of Current Research on PMSM

Contemporary scientists have carried out extensive research into the dynamic char-
acteristics and stability of the systems that include a PMSM in their design in order to
enhance the precision of control of PMSM systems.

A typical solution to the problem of stabilizing the rotational frequency of direct drives
with PMSM motors includes the application of controllers with multiple feedbacks, mainly
applied for control of position, rotational speed, current or torque [3–6]. However, in the
cases when variable loads are applied, in particular in the conditions marked by a relatively
large moment of inertia, problems that arise can include accurate positioning and reducing
frequency pulsation [3]. Some attention is also paid to the low effectiveness of the drive
when specific control laws are applied in the process [7].

For the purpose of improving the quality of regulation of PMSM systems, we can
use genetic algorithms, among other solutions [4]. In addition to the encoder, fuzzy logic
algorithms [8] can be utilized for the purposes of accurate determination of the rotor
position, which can also increase the accuracy of determining the current value of the
rotational frequency. In the study reported in [9], a bee swarm optimization algorithm has
been applied to determine the controller gain factors. An enhanced version of the adaptive
PID controller for regulating and stabilizing rotational frequencies and a simple algorithm
for searching for gain coefficients were proposed in [6]. The authors of [10] investigate
the application of PMSM machines as oscillatory systems and define the areas of stable
operation in the linear region of their operating parameters.

The study in [11,12] applies dedicated observers to assess the gain factor of the control
inputs and the level of interference for unspecified values of the moment of inertia, the
Magnetic flux coupling of the stator winding and the load on the shaft. The proposed
approach enhances the rotational speed tracking performance and, consequently, the
operational properties of the drive in general.

The current problem related to increasing the efficiency of PMSM rotational frequency
control in motor mode is analyzed in [13]. A controller structure is proposed that tracks
system slippage using special algorithms and minimizes it in an original way. A similar
approach is applied for the control of a PMSM motor that does not contain a rotor position
sensor [14]. The research reported in [15] also utilizes slippage for the control of the position
of a kinematic system under a load-changing sign on the shaft, operating in real time and
driven by a DC commutation motor. In this case, an industrial servo controller is used.

Rotor position sensors of various designs are an invariably important component of
servo drives. Due to the fact that the sensors are an indispensable element, the authors [16]
implemented the rotational frequency stabilization function.

The operation of a motor in a pump assembly or compressor unit is considered a
default example of a cyclically variable load [7,17]. In such applications, the law of load
change on the shaft is deterministic and can be derived as a function of the rotor position
angle. The study in [17] emphasizes the relevance of energy-efficient control with the
possibility of adjusting the rotational frequency in a wide range and the need to minimize
velocity pulsations in the steady modes of such units.

The complete vector control for six-phase PMSMs is investigated in [18]. The ability
to directly control the electromagnetic torque and rotational frequency is ensured by
the presence of feedback on the rotor position, the current and EMF or alternatively
magnetic flux. Dual three-phase PMSM motors were considered in [19,20] as machines
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with potentially improved control performance for use in low-speed drives. Another
vector control system for the PMSM drive with a rotational frequency control strategy
was proposed in [21]. This study employs the determination of the phase components of
currents in a rotational coordinate system and ensures high dynamics of the controlled
motor, thus minimizing output torque pulsations and significantly reducing harmonic
deviations of phase currents.

Particular focus in the research is given to the development of effective methods of
controlling motors with internal location of magnets on the rotor, the so-called IPMSM,
which are characterized by a ratio of the inductive parameters of the stator winding that
does not follow traditional guidelines. In the study reported in [22], a method is applied
to determine these parameters is proposed, which enables automatic adjustment of the
control system, significantly expanding its functional capabilities. The authors of [23]
created a speed controller for IPMSM based on a torque observer. It provides a fast
dynamic response and lower steady-state error compared to a classic integral-proportional
controller in the event of changes in system parameters and torque disturbances. The
regulator is implemented using an efficient, integrated controller based on a digital signal
processor (DSP).

In addition, variable load regimes are applied in the diagnostics of faults in PMSM
machines. In [24], this is executed using neural networks, and the FFT analysis is applied
for these purposes on the basis of the study in [25].

A review of the research carried out on PMSM machines in variable load modes
demonstrated the existence of the following current problems. The change in a load can
lead to dynamic instability, characterized by swinging or fast oscillatory processes. This
may be due to system imbalance, load peaks, or other factors. To achieve the optimal
efficiency and performance of a system containing PMSM in variable load modes, it is
necessary to solve the problem of finding the optimal operating regimes and the optimal
means of control. Variable loads can lead to electromagnetic interference and electrical
noises (vibrations) that may affect the normal operation of the control system. To ensure
adequate system response to variable load and ensure its stable operation, the adaptive
control problems need to be solved. To ensure reliable operation of the PMSM system
in these regimes, real-time diagnostics and predicting the condition of this system may
sometimes be necessary to detect potential problems and avoid emergency situations.

In order to overcome the abovementioned challenges a comprehensive approach needs
to be adopted. The comprehensive solution should include accurate control, adaptive
strategies, technical solutions applicable to reduce the effect of dynamic loads and the
improvement of diagnostic systems.

The majority of the above research tasks focuses on improving their quality and
effectiveness of controlling rotational speeds in the constant or variable motor operating
modes. The operation of drives based in the generator regime is mentioned in [23] but is
not further explored.

The available literature does not contain any studies on PMSM load modes with
periodic torque, the sign of which changes during one complete revolution of the rotor.

Problem Statement

The operation of PMSM machines as parts of servo drives usually requires a complete
vector control system with feedback including rotor position, rotational speed, currents,
shaft torque and voltage. However, we sometimes face circumstances when the drive
requirements are less stringent and the use of all types of feedback is unfeasible from a
technical, economic or another point of view. Suitable examples include direct drives of
industrial manipulators, tracking systems, drive systems that operate under variable load
on the shaft, with relatively low dynamic torque, and those that do not require accurate
stabilization of rotational speed.

The rotor position sensor, also termed the encoder, forms an integral element of such
systems. This provides the phase-locked loop (PLL), supply voltage depending on its value
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and the load. The proposed research intends to verify the potential for implementing the
rotational speed stabilization function in systems with a given set law of load change on
the shaft, using only information derived from the encoder. Stabilization of the rotational
speed will be achieved by changing the amplitude of the supply voltage in the engine mode
and the amount of electrical load in the generator mode.

The objectives of the research are to execute an analysis of the structure and develop-
ment of laws guiding the control of a direct, low-speed servo drive based on a PMSM
machine operating under a variable load on the shaft, using only position feedback and the
previously known laws of changing the load on the shaft.

The subject of study is electromechanical energy conversion processes in a permanent
magnet synchronous motor, powered by a three-phase system of sinusoidal voltages, whose
phases are relative to the angular position of the rotor.

In our opinion, this research goal needs to include the development of an adequate
mathematical model of a PMSM machine, as well as the execution of appropriate mathe-
matical experiments and confirming the functionality of the developed control principles
in an experimental manner.

3. Mathematical Model of PMSM

A mathematical model was developed for the purpose of calculating transient pro-
cesses in a PMSM machine operating under a variable load on the shaft. This model takes
into account the laws of controlling the amplitude of the supply voltage and the magnitude
of the electrical load, which, if necessary, are adjusted to any nature of the change in the
mechanical load.

The mathematical formulation of this task required that a number of assumptions
were taken into account. The magnetic field of the machine (magnetic vector potential
field) was considered in a quasi-stationary approximation and was considered to be two-
dimensional. The finite element method using specialized Ansys Multiphysics R16.2
software was applied for the calculations.

The schematic diagram of the PMSM control system is shown in Figure 1. It contains
an idealized three-phase sinusoidal voltage source with PLL. In real systems, voltage
is typically generated using an electronic pulse width controller (PWM). Figure 1 also
contains a block diagram of the load in the form of three resistances connected in series
with the PMSM phase windings. The value of these resistors is relative to the rotor position
angle. In the physical prototype of such a control system, the function of these resistors is
performed by PWM-controlled transistors in accordance with the established law. The load
structure block also enabled the study of the system’s generator modes, thus extending the
functionality of the proposed mathematical model.

We took into account that most schematic solutions of similar systems include a 4-wire
interface applied for connecting the machine to the power supply system. For this purpose,
a ‘neutral’ conductor was connected. To consider 3-wire systems—resistance was assumed
to be RN → ∞.

Despite the fact the research object adopted a relatively high level of idealization, the
assumptions excluded the need to execute a mathematical description of semiconductor
elements forming the part of power supply circuits, which consequently increased the
computing rate of the numerical algorithm applied for integrating the Algebraic and
Differential System Equations for transient processes in PMSM. On the other hand, by
determining the magnetic state of the machine using Maxwell’s equations, it was possible to
take into account the most important factors that influence the course of electromechanical
processes, both static and dynamic in similar electromechanical systems, such as the PMSM.
For example, the saturation of the magnetic circuit, the actual harmonic composition of
the magnetomotive force (SMM) of the PMSM armature winding, the higher harmonics of
tooth-order SMMs, the magnetic anisotropy of the inductor poles in two spatial coordinates
and the cogging moments caused by the explicit polarity of the PMSM magnetic circuit
structure were taken into account.
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3.1. Mathematical Notation

The set of equations that describe the processes in PMSM operating in the motor and
generator regime comprises the electrical balance equations as follows:

(R2 + RL2)i2 − (R1 + RL1)i1 +
dψ2
dt − dψ1

dt + u1 − u2 = 0;
(R3 + RL3)i3 − (R2 + RL2)i2 +

dψ3
dt − dψ2

dt + u2 − u3 = 0;
(R3 + RL3)i3 +

dψ3
dt − u3 + RN iN = 0; iN = i1 + i2 + i3,

(1)

Formulae that describe the instantaneous supply voltages, independent of the rotor position
angle γ:

u1 = Um(γ) sin(pγ + φ1); u2 = Um(γ) sin(pγ + φ2); u3 = Um(γ) sin(pγ + φ3), (2)

Expressions representing the resistance of the load:

RL1 = R(γ); RL2 = R(γ); RL3 = R(γ), (3)

Magneto-mechanical characteristics [19] represented by the relations between the
magnetic flux coupling and electromagnetic torque and currents and rotor position angle:

ψ1 = ψ[i1, i2, i3, γ]; ψ2 = ψ[i1, i2, i3, γ]; ψ3 = ψ[i1, i2, i3, γ]; M = M[i1, i2, i3, γ], (4)

Expression for the steady state torque for the case of a sign-changing load on the shaft:

ML = F(γ), (5)

Mechanical balance equation and a formula that represents the rotational frequency:

−Jr
dω

dt
+ M − ML = 0; ω =

dγ

dt
, (6)

where R1, R2, R3, RN—active resistance of the stator winding phases in PMSM and of the
neutral wire;

u1, u2, u3—phase voltage of the supply;
φ1, φ2, φ3—voltage phase shifts;
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i1, i2, i3, iN—stator phase currents and in the neutral wire current, respectively;
ψ1, ψ2, ψ3—phase flux coupling of PMSM phases;
M—electromagnetic torque of PMSM;
ω—angular speed of PMSM;
Um(γ), R(γ), F(γ)—supply voltage amplitude, load resistance and steady-state load

torque as a function of the rotor position angle γ (the specific plot of these functions, taking
into account the characteristics of the investigated PMSM machine that forms the subject of
the physical experiment, is analyzed later, at the stage of developing the model algorithm);

p—number of pole pairs.
It should be noted that the magnetic-mechanical characteristics (MMCh) of machine

(4) is determined based on the solution of the electromagnetic field equations in a two-
dimensional term.

Algebraic System Equations (1)–(6) comprise 17 scalar equations and include the same
number of scalar unknowns: i1, i2, i3, iN , u1, u2, u3, ψ1, ψ2, ψ3, RL1, RL2, RL3, M, ML, γ, ω,
along with the initial condition i1|t=t0

= i10, i2|t=t0
= i20, i3|t=t0

= i30, iN |t=t0
=

iN0, γ|t=t0
= γ0, ω|t=t0

= ω0 and in general, they represent the contents of the Cauchy
process.

The following notations were applied for the possible transformation into the vector
notation:→

i = ∥i1 i2 i3∥∗—column vector of phase currents;
→
ψ = ∥ψ1 ψ2 ψ3∥∗—column vector of the complete magnetic flux coupling in the stator

circuits;
→
u = ∥u1u2u3∥∗—column vector of supply voltages;
RT = diag(R1 + RL1, R2 + RL2, R3 + RL3) —diagonal matrix of active phase resis-

tances and load resistance;
RMN =

∥∥0 0 RN
∥∥
∗—column describing the active resistance of the neutral wire;

ET =

∥∥∥∥∥∥
−1 1 0
0 −1 1
0 0 1

∥∥∥∥∥∥, NT = ∥ 1 1 1 ∥ –coordinate matrix and row.

The Algebraic System Equation is written (1)–(6) in the matrix form:

ET

(
RT

→
i + d

→
ψ

dt −→
u
)
+ RMN iN = 0; iN = NT

→
i ;

→
u =

→
u [γ];

→
ψ =

→
ψ

[→
i , γ

]
; M = M

[→
i , γ

]
; RT = R[γ];

ML = F[γ]; ω = dγ
dt ; Jr

dω
dt + M − ML = 0.

(7)

The vector Algebraic System Equation (7) contains 9 unknowns:
→
i , iN ,

→
u,

→
ψ, RT , M,

ML, γ, ω.

3.2. Algorithm Applied for the Task Solution

Prior to developing our algorithm, let us determine the functional dependencies of
the driving forces and loads on the rotor position angle, taking into account the specific
conditions of the physical experiment.

In particular, the law of changing the mechanical load on the shaft (5) is mathematically
formalized by the expression

ML = F(γ) = MLmsin
(

γ +
π

2

)
, (8)

which is derived from the design of the device that acts as the load (Figure 2).
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Figure 2. Principal load diagram.

The law guiding the changes in the supply voltage amplitude Um(γ) for the character-
istic load (8) was defined in the following form:

Um(γ) =

{
Umin + (Umax − Umin)sin

(
γ + π

2
)

0, otherwise;
, 0 < γ ≤ π

2
+ ξ ∨ 3π

2
− ξ < γ ≤ 2π; (9)

where Umax, Umin —maximum and minimum values of amplitude;
ξ–angle that shifts the instant of initiating/closing the supply voltage and switching

to the generator regime.
The form of the Function (2) taking into account (9) for p = 22, Umax = 12 V, Umin =

8.4 V and ξ ≈ 20◦ is presented in Figure 3.
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The function of the resistance to load is in (3):

RL(γ) =

{
−Rmin
cos(γ) , π

2 + ξ < γ ≤ 3π
2 − ξ;

0, otherwise;
(10)

where Rmin–minimum value of resistance.
For Rmin = 50 Ohm, the function in (10) is presented in Figure 3.
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Following the stage when the derivatives in (7) take algebraic form using the g-th
order Gir method, the system of nonlinear algebraic equations representing the k-th step of
integration takes the form

ET

(
RTk

→
i k + b0

→
ψk +

G
∑

g=1
bg

→
ψk−g −

→
u k

)
+ RMN iNk = 0;

iNk = NT
→
i k;

→
u k =

→
u [γk]; RTk = R[ γk];

→
ψk =

→
ψ

[→
i k, γk

]
; Mk = M

[→
i k, γk

]
; MLk = F[ γk];

−Jr

(
b0ωk +

G
∑

g=1
bgωk−g

)
+ Mk − MLk = 0; ωk = b0γk +

G
∑

g=1
bgγk−g.

(11)

where
→
i k, iNk,

→
u k,

→
ψk, RTk, Mk, MLk, γk, ωk—values of unknowns at the k-th step of

integration;
→
ψk−g, γk−g, ωk−g—values derived from the preceding step of integration.

The system of equations in (11) is non-linear due to the occurrence of non-linear
dependencies corresponding to the characteristics of magnetic-mechanical characteristics
(MMCh) of the machine, resistances and load torque on the rotor rotation angle. Newton’s
iterative method was utilized to solve it. The linear Algebraic System Equations, induced
by the system of non-linear Equation (11) on the l-th iteration of Newton’s method, takes
the form

ET

(
R(l−1)

T ∆
→
i
(l)

k + ∆R(l)
Tk

→
i
(l−1)

k + b0∆
→
ψ
(l)

k − ∆
→
u
(l)
k

)
+ RMN∆i(l)Nk = −→

y
(l−1)
1k ;

∆i(l)Nk = NT∆
→
i
(l)

k ; ∆
→
u
(l)
k = K(l−1)

U ∆γ
(l)
k ; ∆R(l)

Tk = K(l−1)
R ∆γ

(l)
k ;

∆
→
ψk = L(l−1)∆

→
i
(l)

k + K(l−1)∆γ
(l)
k ; ∆M(l)

k = K
′(l−1)∆

→
i
(l)

k + G(l−1)∆γ
(l)
k ;

∆M(l)
Lk = K(l−1)

M ∆γ
(l)
k ;−Jrb0∆ω

(l)
k + ∆M(l)

k − ∆M(l)
Lk = −y(l−1)

2k ; ∆ω
(l)
k = b0∆γ

(l)
k ,

(12)

where ∆
→
i
(l)

k , ∆i(l)Nk, ∆
→
u
(l)
k , ∆

→
ψ
(l)

k , ∆M(l)
k , ∆M(l)

Lk , ∆R(l)
Tk , ∆γ

(l)
k , ∆ω

(l)
k —values of correction

of the unknowns
→
i k, iNk,

→
uk,

→
ψk, Mk, MLk, RTk, γk, ωk along the l-th iteration od

k-th step of integration;

L(l−1) =
∂
→
ψ
(l−1)

∂
→
i

; K(l−1) =
∂
→
ψ
(l−1)

∂γ
; K

′ (l−1)
=

∂M(l−1)

∂
→
i

; G(l−1) =
∂M(l−1)

∂γ
(13)

values of derivative of MMCh calculated on the basis of (l-1)-th approximation of the
unknowns;

K(l−1)
U =

∂
→
u
(l−1)

∂γ
=

∥∥∥∥∥∥∥
k(l−1)

u1

k(l−1)
u2

k(l−1)
u3

∥∥∥∥∥∥∥ (14)

the derivatives of the supply voltage over the rotor angle calculated on the basis of (l-1)-th
approximation of the unknowns for 0 < γ ≤ π

2 + ξ ∨ 3π
2 − ξ < γ ≤ 2π, elements in (14)

are as follows:

k(l−1)
ui = pUmincos

(
pγ(l−1) + φi

)
− (Umax − Umin)sin

(
γ(l−1)

)
sin
(

pγ(l−1) + φi

)
+p(Umax − Umin)cos

(
γ(l−1)

)
cos

(
pγ(l−1) + φi

)
, i = 1, 3;



Energies 2024, 17, 3134 9 of 20

for all other rotor angles k(l−1)
ui = 0.

K(l−1)
R =

∂R(l−1)
T
∂γ

= diag
(

k(l−1)
r1 , k(l−1)

r2 , k(l−1)
r3

)
(15)

the derivative of the load resistance over the rotor angle calculated on the basis of (l−1)-th
approximation for π

2 + ξ < γ ≤ 3π
2 − ξ is

k(l−1)
ri =

−Rminsin(γ)
cos2(γ)

, i = 1, 3; (16)

for all other angles of the rotor, k(l−1)
ri = 0;

K(l−1)
M =

∂M(l−1)
L

∂γ
= MLmcos

(
γ +

π

2

)
(17)

the derivative of the load torque over the angle of the rotor derived from (l − 1)-th approxi-
mation is

→
y
(l−1)
1k = ET

(
RT

→
i
(l−1)

k + b0
→
ψ
(l−1)

k +
Q
∑

g=1
bg

→
ψk−g −

→
u
(l−1)
k

)
+ RMN i(l−1)

Nk ;

y(l−1)
2k = −Jr

(
b0

→
ω

(l−1)
k +

Q
∑

g=1
bg

→
ωk−g

)
+ M(l−1)

k − M(l−1)
Lk

(18)

the deviations of the standard equations in (12) are calculated from (l − 1)-th approximation
of the unknowns.

We can remove the expressions whose deviations are equal to zero from (12).

(
ET R(l−1)

T + ETb0L(l−1) + RMN NT

)
∆
→
i
(l)

k +

(
ETK(l−1)

R

→
i
(l−1)

k + ETb0K(l−1) − ETK(l−1)
U

)
∆γ

(l)
k = −→

y
(l−1)
1k ;

K
′(l−1)∆

→
i
(l)

k +
(
−Jrb2

0 + G(l−1) − K(l−1)
M

)
∆γ

(l)
k = −y(l−1)

2k ,

(19)

The linear Algebraic System Equation, which has been developed taking into account
the corrections for the circuit currents and angle of the rotor position, needs to be solved
along the l-th iteration of the Newton method and takes the following form:∥∥∥∥∥∥∥

ET

(
R(l−1)

T + b0L(l−1)
)
+ RMN NT ET

(
b0K(l−1) − K(l−1)

U + K(l−1)
R

→
i
(l−1)

k

)
K

′(l−1) G(l−1) − K(l−1)
M − b2

0 Jr

∥∥∥∥∥∥∥×
∥∥∥∥∥∆

→
i k

(l)

∆γk
(l)

∥∥∥∥∥ =

∥∥∥∥∥−→
y
(l−1)
1k

−y(l−1)
2k

∥∥∥∥∥. (20)

Therefore, to perform the k-th step of integration, it is necessary to perform the
following steps:

1. Development of constants in the matrices ET , NT , RMN and matrix RT .
2. Calculation of the value of the deviation (18) for (l − 1)-th approximation of the root.

3. Calculation of the values of derivatives K(l−1)
U , K(l−1)

R , K(l−1)
M (14)–(17) and magneto-

mechanical parameters L(l−1), K(l−1), K
′(l−1), G(l−1) for (l − 1)-th approximation of

the root.
4. Calculation of the elements of the coefficient matrix and right-hand column of the

right-hand linear URA (20).

5. Solution of linear URA (20) in respect to the values of the corrections ∆
→
i
(l)

k , ∆γ
(l)
k .
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6. Calculation of l-th approximation of the unknowns using the following formulae:

→
i
(l)

k =
→
i
(l−1)

k + ∆
→
i
(l)

k ; γ
(l)
k = γ

(l−1)
k + ∆γ

(l)
k . (21)

7. Calculation of remaining unknowns by means of the formulae:

i(l)Nk = NT
→
i
(l)

k ;
→
u
(l)
k =

→
u
[
γ
(l)
k

]
; R(l)

Tk = R
[

γ
(l)
k

]
;
→
ψ
(l)

k =
→
ψ

[
→
i
(l)

k , γ
(l)
k

]
;

M(l)
k = M

[
→
i
(l)

k , γ
(l)
k

]
; M(l)

Lk = F
[

γ
(l)
k

]
; ωk = b0γk +

G
∑

g=1
bgγk−g.

(22)

If the accuracy of determining the unknown corrections is insufficient, steps 2–7 need
to be repeated. Otherwise, we can proceed to the next integration step.

The proposed algorithm is implemented in the form of a computer program in the
Ansys environment using APDL (Ansys Parametric Design Language).

4. Mathematical Experiments

The mathematical experiments were carried out using a PMSM servo motor. The
dimensions, winding data and parameters of this motor are provided in Table 1 and they
represent the data of our developed prototype, which were later used in the physical
experiments. The moment of inertia of the rotating machine parts was reduced by ≈2.5
compared to the physical prototype, which made it possible to accelerate simulation results
in regimes similar to the established ones (Jr = 1.0 × 10−3 kg · m2). For modeling a
three-wire supply system, the active resistance of the ’neutral’ wire was set at a level of
RN = 1 × 105 Ohm, (see Figure 1).

Table 1. Technical parameter of the prototype applied in laboratory.

Parameter Value

External stator core diameter, mm 125
Core length, mm 27
External rotor diameter, mm 92.4
Air gap width, mm 0.8
Full stator slot depth, mm 10.5
Stator opening width, mm 2
Number of stator slots 36
Number of turns of stator phase 1260
Core material M400-50A
Pole height (max), mm 3
Coefficient of pole overlap 0.84
Number of pair-poles 44
Pole material NdFeB
Remanent magnetic induction of PM,T 1.20
Coercive force of PM, kA/m 930
Phase resistance, Ohm 34.1

The two-dimensional computational domain applied for the magnetic field using the
finite element method, constructed based on the dimensions given in Table 1, is shown in
Figure 4. Note that areas of the same color have identical magnetic properties.



Energies 2024, 17, 3134 11 of 20

Energies 2024, 17, x FOR PEER REVIEW 10 of 20 
 

 

experiments. The moment of inertia of the rotating machine parts was reduced by ≈2.5 

compared to the physical prototype, which made it possible to accelerate simulation re-

sults in regimes similar to the established ones (𝐽𝑟 = 1.0 × 10
-3 kg ⋅ m2). For modeling a 

three-wire supply system, the active resistance of the ’neutral’ wire was set at a level of 

𝑅𝑁 = 1 × 10
5 Ohm, (see Figure 1). 

Table 1. Technical parameter of the prototype applied in laboratory. 

Parameter Value 

External stator core diameter, mm 125 

Core length, mm 27 

External rotor diameter, mm 92.4 

Air gap width, mm 0.8 

Full stator slot depth, mm 10.5 

Stator opening width, mm 2 

Number of stator slots  36 

Number of turns of stator phase  1260 

Core material  M400-50A 

Pole height (max), mm 3 

Coefficient of pole overlap 0.84 

Number of pair-poles 44 

Pole material  NdFeB 

Remanent magnetic induction of PM,T 1.20 

Coercive force of PM, kA/m 930 

Phase resistance, Ohm 34.1 

The two-dimensional computational domain applied for the magnetic field using the 

finite element method, constructed based on the dimensions given in Table 1, is shown in 

Figure 4. Note that areas of the same color have identical magnetic properties. 

The results of the magnetic field calculations for one of the MMCh points, namely for 

𝑖1 = 0.0889 𝐴, 𝑖2 = 0.0507 𝐴, 𝑖3 = −0.139 𝐴 and 𝛾 = 0.0 rad are presented in Figure 5. 

 

Figure 4. Computational domain and section and finite element mesh: (1) stator core; (2) winding; 

(3) pole; (4) rotor core; (5) air gap; (6) environment. 

Even a superficial analysis of the obtained images allows us to conclude that in this 

state, the machine is slightly saturated, so the electromagnetic relationships (between cur-

rents and the magnetic flux coupling) are practically linear. 

Figure 4. Computational domain and section and finite element mesh: (1) stator core; (2) winding;
(3) pole; (4) rotor core; (5) air gap; (6) environment.

The results of the magnetic field calculations for one of the MMCh points, namely for
i1 = 0.0889 A, i2 = 0.0507 A, i3 = −0.139 A and γ = 0.0 rad are presented in Figure 5.
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Figure 5. Characteristics of magnetic field in the investigated servomotor: (a) magnetic vector
potential field, V · s/m; (b) distribution of magnetic field induction vector module, T.

Even a superficial analysis of the obtained images allows us to conclude that in this
state, the machine is slightly saturated, so the electromagnetic relationships (between
currents and the magnetic flux coupling) are practically linear.

In the first step, the operating mode of a PMSM powered by a three-phase sinusoidal
voltage source was examined. The phases of these voltages and the load torque depended
on the rotor rotation angle (2) and (8). The voltage amplitude in this test was constant, and
the connection of an additional load in generator mode was not projected.

In Figure 6, we can see the time relations of the phase values of voltage, emf and
current in the engine mode (on the left) and in the generator mode (on the right). The
range of rotor angular positions in these modes is equal to 3π

2 < γ ≤ 2π and π
2 < γ ≤ 3π

2 ,
respectively. On the basis of this figure, we conclude see that phase current is delayed in
relation to emf by a slightly greater value of π rad el. in the motor regime, while in the
generator regime, it precedes emf by o ≈ π/2 rad el.
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and current i1 (b) rotor position angle γ, electromagnetic torque M, load torque ML and rotational
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These phase shifts vary during a single revolution, and this forms a typical charac-
teristic of the performance of the machine under a variable load. Switching to generator
mode is associated with an increase in the value of emf. It is then greater than the phase
voltage. It is also noticeable that the torque pulsations of tooth frequencies in the engine
mode are larger than in the generator mode. This is due to the reduction in the amplitude
of the stator current in generator mode due to the reduction in the difference between
emf and voltage. At the same time, the amplitudes of the magnetic flux linkages remain
virtually constant. The braking effectiveness of such a drive can be sensibly regulated by
fully disconnecting the phase voltages. The change in braking torque by changing the
resistance of the armature circuit, in this case, will occur over a wider range of values. In a
physical experiment, this regime was implemented by changing the PWM duty cycle for
the ’lower’ keys of the semiconductor bridge with the ’upper’ keys turned off.

The subsequent mathematical experiment concerned the same servo motor, but the
amplitude of its supply voltages and additional active resistances in the stator winding
circuits were relative to the rotor position angle (9) and (10).

A summary of the major main results gained as a result of such an experiment is
provided in Figure 7.
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The transition of the machine to the generator regime occurs at the rotor rotation
angle equal to γ = π/2. The emf value for this position is smaller than the voltage. For
this angle, the amplitude is only 70% of the maximum value Umax. The stator current is
also relatively small and practically corresponds to zero shaft torque. When the supply
voltage is disconnected and simultaneous coupling of resistors RL in each phase occurs,
an excessive braking torque will be generated and the rotor will stop close to this position.
Therefore, after reaching the angular position π/2, we continue to boost the rotor with
the electromagnetic torque in the direction of its rotation until the rotational speed begins
to increase slightly due to the negative load torque on the shaft. Subsequently, we set
the phase voltages to zero, which corresponds to a short circuit of the machine’s phase
windings, and at the same time, we turn on the active resistors RL that are connected in
series to these windings (see Figure 1). In this experiment, the sign of the electromagnetic
moment switches at an angle of ≈2.2 rad. The value of the resistance RL at this point is
about one and a half times greater than the value Rmin that appears in (10). Similarly, the
return from generator mode to engine mode is made in advance of the angular position at
which the moment on the shaft changes sign (8).

In the conducted mathematical experiment, the rotational frequency pulsation is equal
to approximately 11% per single full revolution. By adjusting the switching angles of
the engine/generator operating mode and the resistance values Rmax and Rmin, such a
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pulsation can be reduced to 5–7%, in our opinion. Its value is affected by many factors,
including the so-called cogging torque of the rotor, which is formed as a result of the
attraction of ferromagnetic elements of the stator tooth layer and rotor poles and caused by
dimensional errors in the production of such machines (eccentricity, mismatch of axes, etc.);
friction moment in bearings, which is not linearly dependent on the rotation angle and
rotational frequency; higher time harmonics in the supply voltage, etc. All these factors
are virtually insensitive to deterministic modeling. Therefore, in order to confirm or refute
the statement regarding the possibility of reducing rotational frequency pulsation, it is
necessary to conduct appropriate physical experiments using the proposed regulation law.

5. Description of Laboratory Setup

The laboratory setup, shown in Figure 8, consists of a regulated DC source, the motor
subjected to testing and a control system that includes an inverter with PWM voltage
capability and a PLL feedback system.
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Figure 8. Laboratory setup designed to research PMSM motor under variable load: (1) PLL inverter;
(2) DC source; (3) PMSM motor; (4) variable load imitator.

The investigated motor has two output shafts. A rotor position sensor is mounted on
one of them, and on the other one, there is a load imitator with a variable sign in the form
of an unbalanced mass placed on a lever attached to this end.

The inverter assembly was designed according to a three-phase bridge system made
dedicated to MOSFET transistors. The inverter is controlled by the central processor CPU1
based on feedback signals regarding the current value of the rotor rotation angle received
from the position sensor. The main functions performed by CPU1 are as follows:

• Registration of the absolute discrete value of the rotor rotation angle, checking the
correctness of this value and converting it into electrical degrees;

• Controlling the duty factor of the three-phase PWM voltage according to the current
discrete value of the rotor position angle;

• Conversion of the control signals of the upper tier–‘START’, ‘STOP’, ‘REVERSE’, etc.

Voltage PWM is based on two counters that are part of the CPU1 microcontroller.
Six driver outputs, whose state is controlled by counter registers, directly connected to the
transistor gate driver microcircuit.

An incremental encoder plays the role of the rotor position sensor, i.e., a device that
encodes the relative position of a rotating part using the appropriate number of electrical
pulses. These impulses are counted by a dedicated data processing and transmission
system (SPTD), which converts them into an absolute value of the rotor rotation angle and
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transmits them in the form of a binary code to CPU1. SPTD is built on the basis of another
CPU2 microcontroller.

The application of an additional CPU2 controller resulted in reduced load on the
central processor and an increase in the rate and accuracy of the entire system. Moreover, it
made it possible to directly measure the rotation frequency and record current values of the
rotation angle or rotation frequency on digital information recorders of personal computers.

The diagram of the laboratory setup is presented in Figure 9. Its components, PWM
voltage, transistor bridge and encoder, along with SPTD, are included in the feedback loop
from the rotor position and implement the classic scheme of phase automatic frequency
regulation, widely used in the field of automatic control.

Energies 2024, 17, x FOR PEER REVIEW 15 of 20 
 

 

factor varies according to a piecewise function, the appearance of which is shown in Fig-

ure 10. In such a case, the electric potential of one of the pins of the phase winding 𝜙𝑈
∗  

changes depending on the zero ‘earth’ potential according to the law: 

𝜙𝑈
∗ (𝛾𝑒) =

{
 
 

 
 2𝐴

∗ sin( 𝛾𝑒),  0 < 𝛾𝑒 ≤
2𝜋

3
;

2𝐴∗ sin(𝛾𝑒 + 120
°) ,  

2𝜋

3
< 𝛾𝑒 ≤

4𝜋

3
;

0,  
4𝜋

3
< 𝛾𝑒 ≤ 2𝜋,

  (24) 

where 𝐴∗–amplitude of the potential in relative units (r.u.) (where the constant supply 

voltage of the bridge was taken as the basic value 𝑈𝑝𝑠 (𝑈𝑝𝑠 = 1 r. u.); the maximum (theo-

retical) value 𝐴∗ = 0.5 r. u.; 𝛾𝑒 = 𝑝𝛾–rotor position angle in °el. 

 

Figure 9. Diagram of the structure of control system. 

The line voltage applied to the motor coils U and V is calculated as 

𝑈𝑈𝑉
∗ = 𝜙𝑈

∗ − 𝜙𝑉
∗ . (25) 

The practical use of the inverter control algorithm requires the existence of the so-called 

‘idle time’–time intervals in which both transistors in one arm of the bridge are de-energized. 

This leads to avoiding transient (through) currents, which are particularly important in the 

case of an inductive load. This significantly reduces the actual value of 𝐴∗. For example, for a 

’dead time’ of 4 μs, a 9-bit microprocessor counter running at a frequency 𝑓𝐿 = 16 MHz will 

require a total of 16 × 4 = 64  cycles, which corresponds to the amplitude for 𝑈max
∗ =

0.875 r. u.  This value is around 12% greater than for the case of the continuous sine-like 

change of 𝑘𝑓 duty factor [26]. 

Figure 10, which contains the principle of forming a sinusoidal line voltage 𝑈𝑈𝑉
∗  based 

on (24), shows that with this method of regulation, the third part of the period the ‘lower’ 

transistors of the bridge will be completely open and the corresponding ‘upper’ ones shut 

down. 

Figure 9. Diagram of the structure of control system.

We can also note that the developed inverter scheme has a hardware-independent
protection system against current overloads.

The manner of control applied to the three-phase quasi-sinusoidal system of voltages
of the PMSM stator winding forms an important aspect and is hence described below.

It is commonly known that the mean value based on a rectangular period is propor-
tional to the product

χav =
1
Ti

∫ Ti
∫

f max

0
χdt =

ti
Ti

χmax (23)

where k f =
ti
Ti

–pulse duty factor; χmax–its amplitude; Ti, ti–period and duration of a pulse,
respectively.

Hence, any variation in k f of a high-frequency signal with a constant amplitude
leads to a low-frequency signal of virtually any shape. There are several approaches to
shaping sinusoidal PMSM supply voltages, including variation of k f in accordance with the
sinusoidal law. We have adopted a different approach in which the value of the duty factor
varies according to a piecewise function, the appearance of which is shown in Figure 10.
In such a case, the electric potential of one of the pins of the phase winding φ∗

U changes
depending on the zero ‘earth’ potential according to the law:

φ∗
U(γe) =


2A∗sin(γe), 0 < γe ≤ 2π

3 ;
2A∗sin

(
γe + 120

◦)
, 2π

3 < γe ≤ 4π
3 ;

0, 4π
3 < γe ≤ 2π,

(24)

where A∗–amplitude of the potential in relative units (r.u.) (where the constant supply
voltage of the bridge was taken as the basic value Ups (Ups = 1 r.u.); the maximum
(theoretical) value A∗ = 0.5 r.u.; γe = pγ–rotor position angle in ◦el.
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The line voltage applied to the motor coils U and V is calculated as

U∗
UV = φ∗

U − φ∗
V . (25)

The practical use of the inverter control algorithm requires the existence of the so-
called ‘idle time’–time intervals in which both transistors in one arm of the bridge are
de-energized. This leads to avoiding transient (through) currents, which are particularly
important in the case of an inductive load. This significantly reduces the actual value of
A∗. For example, for a ’dead time’ of 4 µs, a 9-bit microprocessor counter running at a
frequency fL = 16 MHz will require a total of 16 × 4 = 64 cycles, which corresponds to the
amplitude for U∗

max = 0.875 r.u. This value is around 12% greater than for the case of the
continuous sine-like change of k f duty factor [26].

Figure 10, which contains the principle of forming a sinusoidal line voltage U∗
UV based

on (24), shows that with this method of regulation, the third part of the period the ‘lower’
transistors of the bridge will be completely open and the corresponding ‘upper’ ones
shut down.

6. Physical Experiments

For the PMSM engine, whose data are presented in Table 1, a number of experimental
tests were carried out using the test stand described in the previous section.

Figure 11 shows the time dependencies of the phase values of voltages and currents of
the tested machine.

The motor is supplied by an inverter that generates a three-phase quasi-sinusoidal
voltage synchronized with the rotor position. The load on the shaft has a variable sign. The
DC supply voltage was 18 V. The maximum value of the torque on the shaft, corresponding
to the rotor rotation angle of 0 and π/2, is equal to 0.234 Nm. No stabilization of rotational
speed takes place in this test.

Within the range of the rotor angles π/2÷3π/2, the machine works in genera-
tor regime, which inevitably leads to an increase in rotational speed due to the non-
compensation of the emf and the phase voltage, whose value remains constant. ON the
basis of a comparison of the phase shifts between current and voltage in the motor (left)
and generator (right) regimes (Figure 11), it can be seen that phase shift decreases in the
generator mode. However, the value of this shift calculated theoretically was found to be
greater than the one resulting from the experiment. This difference can be attributed to
the presence of a relatively large friction torque in the real motor and the failure to take
this torque into account in the mathematical model. As a result, the rotor speed obtained
experimentally is relatively lower, and the electrical power dissipated by the machine in the
generator mode on the feedback diodes of the transistors is less than the calculated values.



Energies 2024, 17, 3134 17 of 20

Energies 2024, 17, x FOR PEER REVIEW 16 of 20 
 

 

 

Figure 10. The forming principle of sinusoidal supply voltages using piecewise. 

6. Physical Experiments 

For the PMSM engine, whose data are presented in Table 1, a number of experimental 

tests were carried out using the test stand described in the previous section. 

Figure 11 shows the time dependencies of the phase values of voltages and currents 

of the tested machine. 

 

Figure 11. Phase relationships of current and voltage with time obtained in an experimental manner. 

The motor is supplied by an inverter that generates a three-phase quasi-sinusoidal 

voltage synchronized with the rotor position. The load on the shaft has a variable sign. 

The DC supply voltage was 18 V. The maximum value of the torque on the shaft, corre-

sponding to the rotor rotation angle of 0 and 𝜋 2⁄ , is equal to 0.234 Nm. No stabilization 

of rotational speed takes place in this test. 

Within the range of the rotor angles 𝜋 2⁄ ÷3𝜋 2⁄ , the machine works in generator re-

gime, which inevitably leads to an increase in rotational speed due to the non-

Figure 11. Phase relationships of current and voltage with time obtained in an experimental manner.

Phase voltage oscillations that appear twice per period can be attributed to the in-
complete number of incremental encoder pulses in relation to the number of pole pairs
of the motor under test. The rotation of the rotor into two polar divisions corresponds
to 52 encoder pulses, which, when converted to a full revolution, is p·52 = 1144 pulses.
However, the encoder we use generates 1150 pulses per revolution. The difference between
these values introduces an error in reproducing a sine wave signal using PWM.

Oscillogram records of phase voltage and current for modes without speed stabiliza-
tion and with speed stabilization are presented in Figure 12.
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Figure 13a shows a section of the time dependence of the rotor speed of a machine
operating in such a regime. For comparison, Figure 13b shows an analogous fragment, but
the machine operates as a classic synchronous motor, i.e., without feedback on the angular
position of the rotor and with an unchanged amplitude of phase voltages. The rotational
speed pulsation in this case is 21.1+20.3

−10.3 rev/min.
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Figure 13. Experimental dependencies of rotor speed and time: (a) with feedback on the rotor
position, without rotational speed; (b) with a constant supply voltage frequency, independent of the
rotor position; (c) with feedback on the rotor position and rotational speed stabilization.

The application of the proposed method of stabilizing the rotational speed, using
the previously assumed laws of changing the supply voltage amplitude (9) and the load
resistance value (10), made it possible to slightly reduce the rotational speed pulsation to
the level 19.9+17.0

−7.6 rev/min (Figure 13c).

7. Conclusions

In drives that comprise PMSM motors, when the conditions provide that the load
on the shaft is varied for relatively low rotational speeds, the moment of inertia of the
rotating part does not contribute to its stabilization. In such cases, all the factors affecting
the magnitude of pulsations become clearly visible. The proposed method of speed control
ensures stabilization no lower than in the case of operation with a constant power frequency,
which does not depend on the mechanical parameters of the machine.

This application of this method required neither the use of controllers nor the imple-
mentation of comprehensive vector control algorithms, which can decrease the cost of the
PMSM-based drive control system as much as possible. All that is required is feedback
from the rotor position and a previously assumed law of changing the load on the shaft.

This regulation method is suitable not only for cases of changing the moment on
the shaft according to the expression in (8), but also for any other periodic law of mo-
ment change.

The disadvantages of the proposed method of stabilizing the rotational frequency
include relatively low energy indicators as well as a decreased control accuracy. Devel-
oping the control system by adding various types of controllers will obviously improve
the accuracy.

In the mathematical statement of the problem of calculating transient processes in a
PMSM machine operating under a load variable sign on the shaft, the friction moment
independent of the rotational speed should be taken into account (6). This will increase the
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level of reliability of the results obtained and comprehensively take into account the most
important factors that affect the course of dynamic processes in such machines.
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