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Abstract

The article examines a “variable-frequency drive-induction motor” system of a pneumatic
conveying device from the perspective of improving energy efficiency and enhancing
the dynamic characteristics of the electric drive. A structural diagram of the frequency-
controlled induction electric drive is presented, transfer functions of the system elements
are derived, and its stability is analyzed. The study of the electric drive dynamics is
carried out based on mathematical modeling in the MATLAB environment using both
symbolic and numerical methods. It is established that the voltage stabilization system of
the frequency converter ensures a stable operating mode of the induction motor for various
values of the controller parameters. The work also includes the synthesis of control system
parameters aimed at minimizing energy consumption. An objective function of energy
costs is obtained, and optimal parameters of the frequency converter voltage controller are
determined. Numerical modeling demonstrated a reduction in power consumption from
4 kW to 2.89 kW, confirming the effectiveness of the proposed approach. The results of the
study indicate that the use of a frequency-controlled electric drive in pneumatic conveying
systems makes it possible to increase energy efficiency, improve transient processes, and
ensure stable system operation under varying loads.

Keywords: induction motor; variable-frequency drive; pneumatic conveying; energy
saving; MATLAB; stability; electric drive

1. Introduction

In modern conditions of rising electricity costs and increasingly stringent require-
ments for the energy efficiency of technological processes, the task of rational control of
electric drives is becoming especially relevant. According to various estimates, electric
drives account for up to 60-70% of the total electricity consumption in industry and the
agro-industrial sector. In this regard, particular attention is paid to variable-frequency-
controlled induction electric drive systems, which ensure the adaptation of motor speed to
changing loads.

Recent studies confirm that the use of variable-frequency drives in induction motor
systems significantly improves energy efficiency and enhances the dynamic performance
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of equipment. In recent years, research has focused on methods for identifying induction
motor parameters and adaptive control techniques aimed at improving control accuracy
and reducing energy losses.

A separate line of research is associated with the stability analysis of “variable-
frequency drive—induction motor” systems as nonlinear control objects. In particular,
a number of studies have shown that linearization of the mathematical model and the
construction of structural diagrams make it possible to effectively analyze system stability
and synthesize controllers for various operating modes of the electric drive.

Considerable attention in the scientific literature is devoted to energy-saving issues
in controlled electric drives. Studies show that the use of frequency control in pumping,
ventilation, and conveying systems provides a significant reduction in power losses by
optimizing the magnetic and electrical operating modes of the induction motor. At the
same time, the effectiveness of energy saving directly depends on the proper selection of
control system parameters and the controller structure.

In works devoted to modeling electric drives of transport and compressor systems,
the importance of using modern software tools such as MATLAB/Simulink for analyzing
transient processes and optimizing control system parameters is emphasized. This makes
it possible to take nonlinear effects into account and obtain more accurate estimates of
energy performance.

Some studies also highlight the effectiveness of applying variable-frequency-controlled
electric drives in technological systems with variable loads, including ventilation and
compressor systems, where a significant reduction in energy consumption is achieved
while maintaining the required performance characteristics.

Despite the large number of studies, the issues of comprehensive optimization of the
parameters of the voltage stabilization system of a frequency converter—taking into account
energy-saving and stability criteria for specific technological objects such as pneumatic
conveying systems—remain insufficiently explored. Particularly relevant is the problem
of synthesizing controller parameters that ensure minimal energy consumption while
maintaining stability and the required quality of transient processes.

In this regard, the aim of this work is to investigate the possibilities of energy saving
in a “variable-frequency drive-induction motor” system of a pneumatic conveying device
based on a stability analysis and the synthesis of the parameters of the voltage stabilization
system using mathematical modeling in the MATLAB R2023a environment.

2. Materials and Methods

Due to the rise in electricity prices, the problem of energy saving has become particu-
larly relevant, especially considering that electric drives consume up to 70% of generated
electrical energy. The issue of energy saving can be successfully addressed only through
the introduction of controlled induction electric drives in various sectors of industrial and
agricultural production [1-3].

Figure 1 shows the functional block diagram of an induction motor system based on a
variable-frequency drive (VFD) used in a pneumatic conveying installation. The system
includes a speed reference input, a voltage controller, a frequency converter, an induction
motor, a pneumatic load, and a control loop with feedback.

Figure 2 shows the structural diagram of a variable-frequency-controlled electric drive
with a “frequency converter-induction motor” (VFD-IM) system in MATLAB Simulink.
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Figure 1. Structural diagram of the system under study.
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Figure 2. Structural diagram of a variable—frequency-controlled induction electric drive with a
VED-IM system.

In the structural diagram shown in Figure 2, a linearized VFD-IM system is pre-
sented, including the transfer functions of the induction motor [1,4-6], enclosed in a unity

feedback loop,
Wi(s) = - = ﬁ_leS M
Wals) = — ’ @

T Tas+1  Ts+1

including the coefficient; modulus of stiffness of the linearized mechanical characteristic of
the induction electric drive; electromechanical time constant of the motor; electromagnetic
time constant of the stator and rotor circuits of the induction motor; with the transfer
function of the frequency converter [1-3]

Kp

Wsls) = Tps+1

)
including the gain of the frequency converter and the time constant of the frequency
converter.

In Figure 2, the multiplying element [4,7], an ideal relay element, and an amplifier
with gain, connected in series, represent a substitution for a saturation (limiting) element in-
tended to limit the frequency converter operation in the region of large input signals [1,4,5].

The inertial-accelerating element with the transfer function

i x 22
with gain is represented as the voltage controller of the frequency converter (VED).

When solving the problem of energy saving in a variable-frequency-controlled induc-
tion electric drive of a pneumatic conveying system, it is first necessary to determine the
stability of the voltage stabilization system of the frequency converter. The stability of
motion of the variable-frequency-controlled induction electric drive of the pneumatic con-
veying system is determined using the MATLAB mathematical environment with symbolic
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functions and expressions in terms of the variables of the variable-frequency-controlled
induction electric drive [7-9]. Based on the transfer functions (1), (2), (3), and (4) of the
structural diagram in Figure 2, we construct symbolic equations of the dynamics of the
induction electric drive with a VFD voltage stabilization system. The system of symbolic
equations, for a static torque, takes the following form:

x1 —wyxp =0;
x1+ (1/wp) —x3 =0;
x3 — w3 - (ky - sign((xg — kocx3)?) = 0;
x3 — (1/wg)xqg — Uz =0,

©)

including angular speed of the induction motor; electromagnetic torque of the induction
motor; output voltage of the frequency converter (VFD); output voltage of the VFD voltage
controller; transfer functions of the VFD-IM system and the VFD voltage controller; gain
coefficient; feedback coefficient; and reference input.

The program for determining the stability of the motion of the variable-frequency-
controlled electric drive [7-9], shown in Figure 3, is written in the MATLAB program-
ming language.

& Editor - C:\Program Files\MATLAB7 1\work\PROGRAMMA... BEIE]

File Edit Text Cell Tools Debug Desktop Window Help .| x
D | B~~~ |G M a8 ARVFODa umﬂ 206 *0
G BE B -fa | - xR

1 Fyms Wl w2 w3 W e
2 - flesymi xl-wlexd'); I
3 - fi=sym('xl+ (1/w2) *x2-x3")

4 L3=mym( ' x3-wa* (Ry*sign( (x4-Koc*x3)*2)) *) ;

5 - fdmsym( i+ (1/wd) vd=u) ;

6 - [xl,x2,x3,xd]|=s0lve (£l £2 £3 £4)

7 b=25: Ter0 .2 Ta=0,05 K1=1/(b*Tm) !

8- Kps20; Tp=d.001;: Tiw0.2: T2m0.6;

8- wi=tf({[X1],(1 0));
10 wi=tf([b],[Ta 1]}
11 - wd=ef([Kp],[Tp 1))
12 - wd=tf£([T1 1],0(72 1]}
13 Ky=2: Koc=0,1: u=5’
14 -  PBeevval (k1) @

15 - @=minreal (R)
16 p=pole(d)

Figure 3. Program for stability analysis.

According to the system of nonlinear symbolic Equation (4) presented in lines 2, 3, 4,
and 5 of the program, the solution of the equations is carried out using a MATLAB function,
while the transfer functions for each system variable are calculated in symbolic form.

In program lines 7 to 12, numerical values of the transfer functions of the motor,
frequency converter, and the time constants of the VFD voltage controller are defined. The
coefficients and the reference input are shown in line 13 of the program.

In line 14, the MATLAB function eval(x1) outputs the transfer function, i.e., the ratio
of angular speed to reference input. The transfer function and the roots of its characteristic
equation, calculated using a MATLAB function, are presented in Figure 4.

As can be seen from Figure 4, all the roots of the characteristic equation of the transfer
function have negative real parts; therefore, the motion of the variable-frequency-controlled
induction electric drive is stable. In this regard, the reduction in electricity consumption
by the controlled induction electric drive can be considered as a problem of minimizing a
multivariable function with an appropriate selection of the parameters of the VFD voltage
stabilization system.
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Figure 4. Transfer function and roots of the characteristic equation.

In this case, it is necessary to obtain the objective function of the controlled VFD-IM
system. Based on the power equation of the induction motor, the derivation of the objective
function is carried out as follows:

APy dw  dM
o T Mg tesr ©)

dpw_ 1 B 1 ﬁ _E _i
it _-A4(ﬁ7}1A4 ﬁ7%1A4c)-FCU(ThupR 7}(0 TbA4). (7)

However, after simple transformations and taking into account the equation,

Equation (2) takes the following form:

T o T

Py =
VTR, BT

M- M+ B-upg-w — B - w? (8)

or
Brxr-xs—p-2f+(Ta/(B-Tw)) x5 — (To- Mc/ (B~ Tu)) - 32 ©)

It should be noted that function (8) is the objective function of the problem of reducing
energy consumption in a controlled induction electric drive of a pneumatic conveying
system [10-12]. It should also be emphasized that, in addition to determining the numerical
values of the variables of the objective function, it is necessary to select (synthesize) the
optimal parameters of the VFD voltage stabilization system for given numerical values of
the feedback coefficient and the system gain coefficient.

The program for synthesizing the parameters of the VFD voltage stabilization system,
as well as for determining the gain of the VFD-IM system, is shown in Figure 5. The
synthesis program is written in the MATLAB programming language. In the program
shown in Figure 5, the quadratic interpolation—extrapolation method and the Runge-Kutta
method [7,9,13] are used to solve the problem of reducing energy consumption in the
controlled induction electric drive.
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function programma
global kp; global s2; global s4; global s6;
n=4; h=0.1; e=0.01; for i=1:n a(i)=1; end
g=0; s1=0; s3=0; s5=0; m=500;
for i=1:m j=1;
while j<30 s=1; while s~=0
for i=1:n z=a(i); v=mas01(a(1),a(2),a(3),a(4));
a(i)=z-h; w=mas01(a(1),a(2),a(3),a(4));
a(i)=z+h; u=mas01(a(1),a(2),a(3),a(4));
t=w*(2*z+h)-4*v*z+u*(2*z-h); t=t/(w-2*v+u)/2;
if abs(t-z)<=e s=0;end
a(i)=t; cl=a(1);c2=a(2);
c3=a(3);c4=a(4); end;
if s==0 break; end; end;
j=i+1; end;
s1=s1+kp; s2=sqrt((s1/m)"2);
$3=s3+T1; sd=sqrt((s3/m)"2);
$5=s5+T2; s6=sqrt((s5/m)"2);
g=g+l;
if g>=m break;end
end
disp(' PesyibTaThl cuera ');
kp=s2; T1=s4; T2=s6;
disp('kp="); disp(kp)
disp('"T'1="); disp(T1);
disp('12="); disp(T2);
x0=[c1;c2;¢3;0];
[T, X]=ode45(@uravl, [0 2],x0);
plot(T, X(:,1)*8,"r.-",T, X(:,2),'b.-")
grid
function dy=uravl(t,y)
dy=zeros(4,1);
ul=5; Ky=5; Koc=0.1;
Tp=0.001; T1=s4; T2=s6;
dy(1)=0.2*y(2)-8;
dy(2)=500*y(3)-500*y(1)-20*y(2);
dy(3)=(kp/Tp)*(Ky*sign((y(4)-
Koc*y(3))"2)-(1/Tp)*y(3);
dy(4)=1/T2)*ul-(T1/T2)*dy(3)-(1/T2)*y(3);
Pw=y(1)*y(2); end;
disp('Pw="); disp(Pw);
function qg=mas01(x1,x2,x3,x4)
kp=rand*30; T1=rand; T2=rand*0.1;
q=(25%x1%*x3-25%x1"2+0.01%x2"2-0.2*x2)"2;
end
end

Figure 5. Program for calculating the parameters of the controlled VFD-IM system.

3. State of the Problem and Research

As a result of the numerical simulation of the variable-frequency-controlled induction
electric drive of a pneumatic conveying system in the MATLAB environment, the following
main results were obtained.

It has been established that the “variable-frequency drive-induction motor” system
remains stable over the entire range of variation in controller parameters. The roots of
the characteristic equation lie in the left half of the complex plane, which confirms the
asymptotic stability of the system.

During the synthesis of the parameters of the voltage stabilization system of the
frequency converter, the following values were obtained: frequency converter gain
Kp =14.7K_p = 14.7Kp = 14.7; time constant of the first channel T1 = 0.5028T_1 = 0.5028T1
= 0.5028; time constant of the second channel T2 = 0.0476T_2 = 0.0476T2 = 0.0476.

The transient responses of speed and electromagnetic torque show: an absence of
overshoot; a reduction in the transient time; smooth establishment of the steady-state
regime.

In steady-state operation, the motor power consumption is P = 2.89P = 2.89P = 2.89 kW,
which is lower than the rated power of the base motor 4A112MV6U3 induction motor
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(4 kW). It is established that reducing the control voltage of the frequency converter leads
to a decrease in stator current and, consequently, to a reduction in active power losses.

4. Discussion

The obtained results confirm the effectiveness of using a variable-frequency-controlled
electric drive for pneumatic conveying systems. The reduction in power consumption
is explained by the optimization of the operating mode of the induction motor under
variable load.

From the standpoint of electric drive theory, the reduction in energy consumption is
associated with a decrease in magnetic and copper losses when the motor operates in a
partial excitation mode. This is consistent with well-known principles of electromechanics
and studies on energy-saving operating modes of induction motors.

Particular importance is given to the stability of the system under variations of con-
troller parameters. The results show that the system maintains stability even with changes
in gain coefficients, which increases its practical applicability.

As a result of running the parameter synthesis program, graphs of the transient
processes of speed and torque of the induction motor are displayed on the computer screen
(Figure 6).
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Figure 6. Graph of transient processes of speed and torque of the induction motor. Transient responses
of the induction motor speed and electromagnetic torque. The blue curve represents the angular
speed of the induction motor, while the red curve represents the electromagnetic torque.

As can be seen from Figure 6, the angular speed curve of the induction motor is
obtained without overshoot, which also contributes to energy saving during the startup of
the electric drive. As a result, the calculated motor power consumption is 2.89 kW, which
is lower than the power of the base motor 4A112MV6U3 (4 kW) used for the synthesis
problem. The obtained parameters of the controlled VFD-IM system make it possible to
save electrical energy in the steady-state operating mode of the induction motor [4,12,14,15].
To obtain the required parameters that ensure a power value less than 4 kW, the program
(Figure 4) is run multiple times until the condition is satisfied.

5. Conclusions

In this work, the “variable-frequency drive-induction motor” system of a pneumatic
conveying installation has been studied in order to evaluate its dynamic properties and
energy-saving capabilities under frequency control. Based on the structural modeling and
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the transfer function analysis, the main operating characteristics of the electric drive in a
controlled mode have been established.

The stability analysis showed that the system, with the selected controller parameters,
maintains asymptotic stability since all the roots of the characteristic equation lie in the left
half of the complex plane. This confirms the correctness of the chosen control structure and
the possibility of its practical implementation in industrial pneumatic conveying systems.

The synthesis of parameters for the voltage stabilization system of the frequency
converter made it possible to improve the dynamic characteristics of the electric drive:
transient processes become aperiodic, overshoot is eliminated, and the settling time is
significantly reduced. This indicates improvements in control quality and stability of
operation under varying loads.

The results of numerical modeling in MATLAB show that the use of variable-frequency
control ensures a reduction in the power consumption of the induction motor from 4 kW to
2.89 kW. The achieved energy-saving effect is due to the optimization of the motor operating
modes, a reduction in the stator currents, and a decrease in the total electrical losses.

It was also found that the proposed approach not only reduces energy consumption
but also increases the reliability of the electromechanical system by reducing dynamic
overloads and thermal stress on the motor windings. This is particularly important for
pneumatic conveying systems operating under variable and random loads.

Thus, the use of a “variable-frequency drive-induction motor” system in pneumatic
conveying installations is an effective technical solution that provides a comprehensive
improvement in energy efficiency, enhanced dynamic performance, and reduced operating
costs. The obtained results confirm the feasibility of further research in the field of adaptive
and intelligent control of electric drives, as well as expanding the application of variable-
frequency-controlled systems in industry and the agro-industrial sector.

It should also be noted that the obtained results can be used in the design of energy-
efficient control systems for electric drives not only in pneumatic conveying installations
but also for a wide class of technological objects with variable loads, such as ventilation,
compressor, and transport systems. The universality of the proposed approach is deter-
mined by the use of a linearized model and the possibility of adapting controller parameters
to specific operating conditions.

From a practical point of view, an important result is the confirmation of the effec-
tiveness of combining mathematical modeling and numerical optimization methods in the
MATLAB environment for synthesizing parameters of electromechanical systems. This
significantly reduces design time and improves the accuracy of controller tuning according
to the energy minimization criterion.

In addition, the identified relationship between control system parameters and the
level of energy consumption can be used for further development of adaptive and intelligent
control algorithms based on self-tuning and load prediction principles. This opens prospects
for transitioning from classical PID controllers to more advanced optimization-based and
neural network control structures.

In conclusion, the conducted research confirms that the implementation of variable-
frequency-controlled electric drives is one of the most promising directions for improving
the energy efficiency of modern technological systems, and further development of this ap-
proach is associated with the integration of optimal control methods and digital modeling.
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