. mathematics

Article

Study of the Effect of Throttling on the Success of Starting a
Line-Start Permanent Magnet Motor Driving a Centrifugal Fan

Aleksey Paramonov, Safarbek Oshurbekov, Vadim Kazakbaev, Vladimir Prakht

check for
updates

Citation: Paramonov, A.;
Oshurbekov, S.; Kazakbaev, V.;
Prakht, V.; Dmitrievskii, V. Study of
the Effect of Throttling on the Success
of Starting a Line-Start Permanent
Magnet Motor Driving a Centrifugal
Fan. Mathematics 2022, 10, 4324.
https://doi.org/10.3390/
math10224324

Academic Editors: Udochukwu
B. Akuru, Ogbonnaya I. Okoro and

Yacine Amara

Received: 7 October 2022
Accepted: 16 November 2022
Published: 18 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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/).

and Vladimir Dmitrievskii *

Department of Electrical Engineering, Ural Federal University, 620002 Yekaterinburg, Russia
* Correspondence: vladimir.dmitrievsky@urfu.ru; Tel.: +7-909-028-49-25

Abstract: Direct-on-line synchronous motors are a good alternative to induction motors in fluid
machinery drives due to their greater energy efficiency but have the significant disadvantage of
limiting the maximum moment of inertia of the loading mechanism to ensure their successful and
reliable start-up. This disadvantage is critical in centrifugal fans with a massive steel impeller. In this
article, using a mathematical model, the dynamics of starting and synchronizing a permanent magnet
synchronous motor fed directly from the mains as part of a fan drive are studied. The simulation
results show the possibility of increasing the maximum moment of inertia of the load at the successful
start-up of a direct-on-line synchronous motor by adjusting the hydraulic part of the fan pipeline by
means of throttling. The conclusions of this paper can be used when selecting an electric motor to
drive industrial fans and can contribute to wider use of energy-efficient synchronous motors with
direct start-up from the mains.

Keywords: centrifugal fans; electric motors; energy efficiency class; energy saving; line-start permanent
magnet synchronous motor; motor starting

MSC: 00A06

1. Introduction

The main function of industrial fans and blowers is to supply a large flow of air or gas
at low pressure to various parts of a building or process system. They are usually driven
by squirrel cage induction motors (Figure 1a). Such motors have a simple and reliable
design; however, due to their operating principle, they also have a relatively high power
loss, which limits their energy efficiency class [1]. For low-power induction motors in
the 0.55-7.5 kW range, there are difficulties in achieving the IE4 energy efficiency class
according to IEC standard 60034-30-1 “Rotating Electrical Machines—Part 30-1: Efficiency
classes of line operated AC motors (IE code)” [2].

An alternative to induction motors is synchronous motors with or without permanent
magnets and with a direct mains supply. This article discusses line-start permanent magnet
synchronous motors (LSPMSMs, Figure 1b) [3,4]. Such motors cannot replace induction
motors in the entire range of applications but have already firmly occupied some niches
such as fan and pump drives [5-8]. LSPMSMs can meet the requirements of the IE4 class
while retaining the dimensions of IE3 efficiency class induction motors [9].

In recent decades, the requirements for the eco-design of industrial equipment of Eu-
ropean regulations have been tightening, namely, the requirements for the energy efficiency
of electric motors [10] and the reduction of CO, emissions [11] are growing. The use of
energy-efficient motors in industrial applications is a necessary step to achieve these goals.
The goal of tightening the requirements is to achieve a climate-neutral economy [12]. Many
countries have already introduced requirements for a mandatory minimum IE3 motor class:
The European Union (0.75-375 kW, from 2009); Switzerland and Turkey (0.75-375 kW, from
2017); US (0.75-200 kW, since 2017); Canada (0.75-150 kW, since 2017); Mexico (0.75-375
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kW, since 2010); South Korea (0.75-200 kW, since 2017); Singapore (0.75-375 kW, since
2013); Japan (0.75-375 kW, since 2014); Saudi Arabia (0.75-375 kW, since 2018); and Brazil
(0.75-185 kW, since 2017) [13].
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Figure 1. Motor sketches: (a) Induction motor (IM); (b) line-start permanent magnet synchronous
motor (LSPMSM) [1].

LSPMSMs are commercially available from WEG [14], SEW [15], and Bharat Bijlee [16].
There are also serially produced compressors driven by LSPMSMs [17].

Induction motors usually do not have the problem of a failed start. Research on
starting induction motors is usually devoted to reducing the starting time in order to
reduce the motor overheating [18-20] and reducing the starting current in order to reduce
the load on the network [21-23].

The identification of motor model parameters to correctly determine the starting time
is often carried out by fitting the parameters using an automatic optimization method when
comparing the model response with experimental starting waveforms [24]. Based on the
analysis of starting waveforms and starting time, diagnostics of motor faults can also be
carried out [25].

The disadvantage of LSPMSMs in comparison with induction motors is a significant
limitation of the moment of inertia of the loading mechanism, which is usually indicated
in the motor catalog [14,26]. This value indicates the maximum moment of inertia of
the load at which the LSPMPM successfully starts and synchronizes at the rated load
torque. If starting conditions are worse (exceeding load inertia and/or load torque),
successful motor synchronization is not possible and, in the steady state, the motor speed
is oscillatory, while the stator current exceeds the rated one by 5-7 times. Induction motors
do not have such a limitation in most typical applications (fans, pumps, and compressors).
The load inertia limitation requires an evaluation of the success of the synchronization
during the LSPMSM start-up. There are several methods for assessing the success of the
LSPMSM synchronization using: (1) Finite element model; (2) lumped-circuit model; and
(3) synchronization trajectories [27,28].

The start-up simulation using the finite element model requires knowledge of the full
internal structure of the LSPMSM [29], which is not always possible. The parameterization
of the lumped model requires standard motor tests, such as the no-load test, short-circuit
test, and load test [1,28]. The method of synchronization trajectories requires the same
motor parameters for analysis as the lumped model [28]. The method of synchronization
trajectories and the finite element model method have the serious drawback of being poorly
suited for simulating the motor start-up in the drive of a specific mechanism. Depending
on the type of driven mechanism, both the load torque and the moment of inertia reduced
to the motor shaft can change during start-up. For this reason, when studying the motor
start-up in the drive of a certain mechanism, it is better to use the lumped parameter model.

In most of the literature, experimental studies of LSPMSMs are carried out using
laboratory benches with a load electric machine [30,31]. However, this approach does
not consider the dynamic processes occurring in real applications, such as features of the
mechanical characteristic of the loading mechanism (for example, the braking torque of
fans and pumps is quadratically dependent on their rotation speed) and the non-linearity
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of the inertia of the mechanism and fluid. Due to the lack of information on the dynamic
processes in real mechanisms, when designing a drive, the motor is often oversized, which
leads to a decrease in its efficiency and an increase in its cost. There are not as many articles
devoted to the simulation of the operation of an LSPMSM as part of a specific mechanism,
for example, a piston pump [29]. Moreover, a literature overview shows that there are no
studies covering the LSPMPM start-up as part of a fan drive.

This article discusses the mathematical model of the LSPMSM as part of a centrifugal
fan with a belt drive and control of the inlet vanes, as well as transients, when starting
the LSPMSM powered by the mains applying fan throttling. It is known that the use of
throttling in the process of starting the motor can reduce its mechanical load [27]. This
article shows that this effect may be of key importance for LSPMSMs, since the impellers of
the fans have a high moment of inertia, and the success of motor synchronization depends
on both the moment of inertia and the braking torque of the loading mechanism. By
reducing the braking torque of the fan by adjusting the inlet vanes, it is possible to ensure
the start-up of the LSPMSM with a higher moment of inertia.

2. Problem Statement

Figure 2 shows the block diagram of the simulated system.

~400V, 50 Hz

————]

Q
Duct
o, T w' T Q
LSPMSM Belt | | Fan Environmet
(experimental LSPMSM) drive WOLTER HRZP 00 355 (Atmospheric pressure)
Inlet QF-

vanes

Figure 2. The block diagram of the centrifugal fan with the LSPMSM drive.

The system consists of an LSPMSM powered directly by a three-phase AC network
with 400 V at 50 Hz and a serially produced centrifugal fan WOLTER HRZP 00 355 [32], the
shaft of which is connected to the motor shaft through a belt drive, an inlet valve, and an
air duct, through which air enters the fan from the environment and returns. This scheme
is typical for separately operating fluid machines that move gas along a horizontal plane.

When modeling the system, the following assumptions were made:

Only one fan is operating in the hydraulic system.

All hydraulic resistances including inlet vanes (such as rooms, air ducts, air duct
connections, filters, etc.) are reduced to one hydraulic diameter and reduced to one
lumped element.

There are no leaks.

The gas is ideal and its properties are the same at every point of the duct.

Belt drive losses are not considered.

The belt drive makes it possible to change the fan’s rotational speed according to the
speed of the motor [27,31]. This allows us to move the motor load closer to the rate one
since the hydraulic power of the fan is proportional to the rotation speed of the third power.
However, the negative side of the use of a belt drive is an additional loss [27]. Changing
the fan speed causes a change in its flow—pressure curve and its dependence on the braking
power on the flow, according to the laws of similarity [33]:

Q2 =Q1(n2/m); 1)

Py = Py(ny/m1)%; )
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where Q is the flow of the air; P is the static pressure rise produced by the fan; Ny is the
mechanical (braking) power on the fan shaft; n is the rotational speed; index 1 denotes
values without the belt drive at the fan speed indicated in the catalogue; and index 2
denotes the values after the application of the belt drive.

Throttling with inlet vanes allows for the adjustment of the operating point on the
flow—pressure characteristic during the fan operation. Furthermore, this method can make
it easier to start the LSPMSM, as will be shown below. The negative side is that, similar to a
belt drive, throttling with inlet vanes creates an additional loss [27].

3. Mathematical Models of System Elements
3.1. LSPMSM'’s Mathemetical Model

For the LSPMSM mathematical model, the following assumptions are made:

e  Magnetic fluxes generated by the stator and rotor windings have a sinusoidal distribu-
tion along the air gap.

The magnetic permeability of steel is constant.

Stator and rotor windings are symmetrical.

Each winding is powered by a separate source.

The supply voltage value does not depend on the load of the electrical machine.
Losses in the magnetic core are not considered.

At each pole pitch, the LSPMSM rotor houses a permanent magnet. The axis coinciding
with the direction of the magnetic flux of the magnet is denoted by g (quadrature axis). The
axis perpendicular to this flux is denoted by d (direct axis). The magnet has a low value of
magnetic permeability (close to 1). Therefore, the magnetic conductivity of the g-axis is less
compared to the magnetic conductivity of the d-axis (Figure 3).

A /\'n

.|

Figure 3. Directions of the d- and g-axes relative to the direction of magnetization of the permanent
magnets in the rotor (shown by blue arrows).

The equations of the electrical circuits of the rotor and stator in the coordinate system
associated with the rotor have the following form [34,35]:

dAgq/dt — }\sq -wy + Rs - Iy = Ugy;

dAsq/dt + Agq - wr + R - Isg = Usy; @)
d)\/rd/dt + I’Id . I/rd =0;
d)\/rq/dt + I”/q . I/yq =0,

where Ug; and Us, are the stator voltages along d- and g-axes; Iy, Isg, I';4, and I, are the
stator and rotor currents; Asq, Asq, N.q, and N rq are the stator and rotor flux linkages; wy is
the rotor electrical angular frequency; and R; is the stator resistance.



Mathematics 2022, 10, 4324

50f16

The rotor resistance is anisotropic, and its values along the rotor axes are designated
as 1’y and 1’y All rotor variables refer to the stator and therefore have a stroke in the
designation. The electrical equations are supplemented by mechanical ones:

J - dwm/dt =T — Tipaa; (5)
de/dt = wm,
where T=3/2-Z, - (Asq - Isg — Asq * Isq) represents the motor torque; T}y, is the load torque;
J is the total moment of inertia; wm = w;/Zy represents the mechanical angular frequency;
¢ is the mechanical rotational angle; and Z, is the number of motor pole pairs.
The magnetic circuit equations describe the self-induction, as well as the mutual
induction of the rotor and stator. Note that, due to the presence of permanent magnets, the
flux linkages of the stator and rotor along the g-axis are non-zero even at zero currents [34]:

Nsd =Ly - Isg + My - I/rd;
Nea=Mg-Igg+Lyg - T'yy;
Asq =Lsg - Isg + My - I'ng + No;
Arg =My - Iog+ Lo - g + N,

(6)

where Ly, Lsg, L4, and Ly, are the stator and rotor total inductances; M; and M, are the
stator and rotor mutual inductances; and A'j is the permanent magnet flux linkage referred
to as the stator.

Term N turns out to be a free term in the expression for Arg- The free term in the
expression for A'rq does not play any role, since (4) contains only the derivative of A'rq. For
convenience, we will assume that the free term in the expression for N 1q is also A/y.

The motor is described by the system of Equations (4) and (5) with respect to wy, @,
Asds Asqs Nrd, and N g, while the currents in (4) are considered dependencies on Agq, Asq,
N.q, and A rq- which can be expressed in (6). Note that the currents and flux linkages of
the rotor are not available for either direct or indirect measurement by simple means, such
as current and voltage sensors. Rotor resistances 'y and 1/, are not available for direct
measurement with an ohmmeter. Upon substituting A,q = ' ;q/k and I,; = k - I' 4, we obtain
ra=k?-rg, L'y =k L'yg, M'q =k - M. Similarly, upon making the substitution Arq = A'rq/k
and Iy =k - I'y5, we obtain ' = K2 - tg, L'yg = K2 - L'y, Mg =k - My, where k is a constant.

Thus, the set of parameters of the motor model is redundant, and changing the
parameters by scaling the rotor currents and fluxes does not lead to a change in the
dynamics of the observed values. To eliminate redundancy, we take My = Ly, My = Lgg.
Therefore, we also introduce the rotor leakage inductances Lyg = Lyy — Lgg, Log = Lrg — Lgg
only. Then (6) takes the form:

Asd =Lsg - Isg + Lgg - I/rd;
Nrd =Lgg - Lsg + (Lsg + Lyy) - Ilrd;

Asq =Lsg - Iy + Leg - I'y + N'o; @)
Nrq=Lsg - Isg + (Lsg + Log) - I'rg + No.
In this case, the dependencies of currents on flux links are:
I'tg=(N1a — Asd)/Loa;
I/rq = (}\/rq - Asq)/Laq} )

Lsg =Asq/Lsq — I/rd}
Isq = O\sq — A/O)/qu — I/rq-

The initial conditions for the electric circuit of Equation (4) are I',; = I’ rg=1Isg =Isg =0,
which is expressed in terms of independent variables as follows: A q =Asq =0; A'1g = Agq = No.
Thus, upon eliminating the ambiguity, we can write the system of ordinary differential
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equations for the LSPMSM complemented with the algebraic expressions to be solved in

the form:
dAsq/dt — Zy - Asq - d@/dt + Rs - Iog = Ugy;

d?\sq/dt + Zp “Agq - de/dt + R - Isq = usq/'
dN g/dt+7' ;- 1,;=0;
dN'q/dt +1' - Ty = 0;
I'yy=(Na — Asa)/Loa; ©)
Iqu= ()\,rq - [}\sq - }\/O])/Laq;
Isg = Asq/Lsg — I/rd}
Isq = (}\sq — }\/0)/qu — I/rq}
T=3/2-Zp-(Asa - Isg — Asq - Lsa);
J-d%@ /dt? =T — Tipua-

Figure 4 shows how the solving of this system is implemented in Simulink.

abc
Uabc dq0
sin_cos
Demux
abc_to_dq
tw —l_\» r@
Asd
Asd
U\q wm
HAsd gl g Isd d  wm
Lambda_m O
A0 r«\sq I'rqf—>l'rq lsq_I_"-“I
Rotor 0
Mg
we Asq - ’( ’]Z‘ )
r Stator Thoad
Statlo .n e l
o Mechanical
<
m Gain
Sin & Cos
A0
- >t
-1 < 1/Lsigmd
: Asd —
o C>
n . A0 Asq
* +
1
’7 A
x Usq
we

(©) (d)

Figure 4. Simulink model of the LSPMSM motor on the d—g-axes: (a) General view of the model;
(b) calculation of the motor torque and angular frequency; (b) calculation of stator currents; (d) calculation
of rotor currents.

3.2. Modeling the Fan, Throttle, and Duct

The main purpose of the simulation is to determine the conditions for successful
start-up and synchronization of the LSPMSM in the fan drive. Therefore, when modeling,
it is important to take into account all the factors that affect the dynamics of the load at
rotational speeds close to the synchronous one. At these speeds, the phase of the current
with respect to the phase of the supply voltage changes slowly, and the motor mode is
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replaced by a generator mode and vice versa until synchronism is achieved. Therefore, in
this case, it is sufficient to use a quasi-steady model, that is, a model in which, although
the hydrodynamic variables in the elements of the fluid network are assumed to be time
dependent, the relationships connecting them do not depend on the previous state and do
not contain time derivatives.

To simulate the hydraulic system, models from the Simscape/Fluids/Gas library of
the Matlab Simulink environment were used, designed to simulate the flow of an ideal gas.
The presented model uses the following gas dynamics simulation blocks: Fan (G), Pipe (G),
and Fluids Local Restriction (G) [36-38].

The Fan (G) block models an adiabatic isentropic flow produced by the fan. In other
words, the air can be heated due to reversible adiabatic compression by the fan. Air heating
due to dissipative, irreversible processes such as viscous friction and mechanical losses
of the fan are considered in the fan efficiency as decelerating torque applied to the fan
shaft. The mass of air inside the fan is assumed to be negligible, and therefore inlet and
outlet mass flow rates are assumed to be equal. The parameters of this block are the static
pressure rise and the fan efficiency as functions of the reference parameters (the reference
flow and the reference rotational speed). The static pressure rises and the fan efficiency at
other flow rates and rotational speeds are calculated using the similarity laws.

The Pipe (G) block [37] is used to model the duct. This block simulates the dynamics
of gas flow in a long pipeline. This considers viscous friction losses and convective heat
transfer with the pipeline wall. The flow is assumed to be fully developed. Friction losses
and heat transfer do not include input effects. The pipeline contains a constant volume of
gas, i.e., the pipeline walls are perfectly rigid. Although the block allows for considering
the change in the mass of air in the pipe due to pressure changes, the inertia of this air is
not considered, which is acceptable for a quasi-stationary model of air flow.

The valve is modeled using the Fluids Local Restriction (G) block [38]. This block
models the pressure drops due to a local reduction in the flow area. The processes occurring
in the block are adiabatic but not isentropic (irreversible). Similar to the fan model, the air
mass in this block is neglected, i.e., inlet and outlet mass flow rates are assumed to be equal.
The value of the hydraulic resistance of this block can be adjusted dynamically using the
“Inlet vanes” control signal. Similar to the pipeline model, this block maintains the balance
of mass and energy, except for heat exchange with the environment.

Thus, although the blocks under consideration are somewhat redundant, for example,
the change in the air mass in the duct due to the change in air density is insignificant, these
blocks provide the necessary functionality to simulate load conditions when starting the
LSPMSM as part of the fan.

4. Simulation Model of the Centrifugal Fan with the LSPMSM Drive

Figure 5 shows the block diagram of the mathematical model of the fan with the
LSPMSM drive, the individual blocks of which are described in the previous section. The
LSPMSM block simulating the motor is created in accordance with the system of differential
Equation (9) and Figure 4. The motor is powered by a three-phase symmetrical voltage
system of 400 V at 50 Hz, modeled by the Discrete 3-phase Source block.

The Fan (G) block connects the hydraulic and mechanical models. Ports A and B are
connected to the hydraulic circuit (purple lines), and ports C and R are connected to the
mechanical circuit (green lines). The hydraulic circuit variables are the flow and pressure.
The mechanical circuit variables are the rotational speed and torque.

The load torque signal measured with the Ideal Torque Sensor at the point between
the Ideal Angular Velocity Source and Fan (G) blocks is input into the LSPMSM block. The
motor rotational speed calculated by the LSPMSM block is sent to the input of the Ideal
Angular Velocity block through the Gain block, which simulates a belt drive and multiplies
the motor speed by the gear ratio i. The Angular Velocity Source block sets the value of
speed in the mechanical circuit to which the Fan (G) block is connected. The torque in this
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circuit is calculated based on the given flow—pressure curve and the dependence of the fan
efficiency on the flow, taking into account similarity laws (1)—(3).

Pressure &
PS-Simulink  Temperature Sensor

Converter (©)
P, Pa A p
Pl < <7 ~ 2B
LT AT
Pipe (G) Environment2
B Local Restriction A
y G,
P B Inlet vanes © v ) e—e e
A B A HY A
Environment o Vb Q m s m
C R Volumetric Flow Rate ‘l = Thermal Mass Solver
Mechanical |, Sensor (G) - o Configuration
Rotational Reference Fan (G)
®| o—4f(x)=0
o Gas Properties (G)
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Figure 5. General view of the model of the fan with the LSPMSM drive in the Matlab Simulink.

The hydraulic part of the model consists of the fan (Fan (G) block), inlet vanes (Local
Restriction block), duct (Pipe (G) block), and the environment (Environment and Environ-
ment2 blocks). The air taken from the environment under the action of the pressure rise
created by the fan is regulated by the inlet vanes and, passing through the air duct, returns
to the environment. Gas parameters are set in the Gas properties block. The pressure rises
and flow produced by the fan are measured by the Pressure and Temperature Sensor (G)
and Volumetric Flow Rate Sensor (G) blocks.

The Thermal Mass block models a thermal mass capable of accumulating internal
energy [39]. The thermal mass is described by the following formula:

Prhermar = ¢ - m - d0/dt, (10)

where c is the specific heat capacity of a substance; m is the mass of the substance; 6 is the
temperature; and ¢ is the time variable.

The blocks of this model are parameterized in such a way that the operating point of
the fan in the steady state is within the flow—pressure curve reported in the manufacturer’s
catalog (red line in Figure 6) or within the transformed curve calculated using similarity
laws (1)—(3) for a different rotational speed (for example, the blue line in Figure 6) [32].

500 T T v T T r
450
400
350
300
']
& 250 -
(-9
200
180 |
—%—Fan curve
100 | —&—Fan curve with belt drive
System curve with close vanes
50 System curve with open vanes
® Operating points
0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Q,n13/h

Figure 6. Flow—pressure curves of the fan with and without belt drive, as well as the duct curves
with open and closed inlet vanes.
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rated speed of 1500 rpm used for the simulation.

Table 1 shows the parameters of the LSPMSM with a rated power of 0.55 kW and a

Table 1. LSPMSM parameters.

Parameter Value
Rated power Pyge, KW 0.55
Rated line-to-line voltage Uy, V 380
Rated frequency f, Hz 50
Pole pair number Z, 2
Stator phase resistance R;, Ohm 15.3
Total direct inductance Ly;, H 0.26
Total quadrature inductance Ls;, H 0.15
Leakage direct inductance L;;, H 0.038
Leakage quadrature inductance Ly, H 0.051
Rotor direct resistance ;, Ohm 9.24
Rotor quadrature resistance 7’ - Ohm 10.1
Permanent magnet flux linkage 'y, Wb 0.76
Motor inertia moment [, kg~m2 0.003
Fan impeller inertia moment J;, kg-m? 0.06

length of the duct is equal to [, = 30 m.

To simulate the fan, the parameters of a commercially produced centrifugal fan
WOLTER HRZP 00 355 with a moment of inertia J; = 0.1 kg-m? and characteristics shown in
Table 2 according to [32] were used. This fan involves the use of a belt drive. For this study,
the gear ratio i = 0.85 of the belt drive was selected. Figure 6 shows the flow—pressure
characteristics of the fan without and with the use of a belt drive, as well as the curves of
the duct at various positions of the inlet vanes: S;;;,, = S (fully open) and S, = 0.25 -
S (fully closed). The cross-sectional area of the duct is equal to Sy,.; = 0.099 m?, and the

Table 2. Fan characteristics.

Fan Hydraulic Efficiency 0,

Flow Q, m3/h Pressure P, Pa %
2035 459 64
2803 442 75
3977 397 79
5170 303 78
5981 219 58

5. Simulation Results

)
@)

The LSPMSM start-up simulation is carried out for two different cases:

When the inlet vanes are fully open (the control signal of the inlet valve is maximum

Svulve = S)

When dynamically changing the valve position, corresponding to the following
algorithm: S, = 0.25 - S at t < 4 s (this value of the control signal corresponds to
the minimum fan flow from the flow—pressure curve given for the considered fan
type in the catalog [32], which models the fan operation with a fully closed valve; this
assumption is made due to the lack of information about the fan braking torque at
lower flow rates) and Sy, = S at t > 4. Figures 7-12 show the simulation results for

both cases.
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Figure 7. LSMPM rotational speed versus time: (a) Fully open valve, 380 V; (b) fully closed valve,
various voltages.

ts
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Figure 8. LSPMSM stator current versus time, 380 V: (a) Fully open valve; (b) fully closed valve.
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Figure 9. Flow versus time, 380 V: (a) Fully open valve; (b) fully closed valve.

Figure 7a shows that with S, = S, the motor reaches a speed of approximately ~ 1350 rpm
in approximately 2 s but cannot accelerate to a synchronous speed of 1500 rpm. Next, quasi-steady
oscillations in speed begin with a maximum value of 1430 rpm, a minimum value of 1315 rpm,
and an average value of 1408 rpm. Thus, starting the motor in this case is unsuccessful.
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Figure 10. Pressure versus time, 380 V: (a) Fully open valve; (b) fully closed valve.
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Figure 11. LSPMSM torque with fully open valve, 380 V: (a) Torque versus time; (b) torque versus speed.
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Figure 12. LSPMSM torque with fully closed valve, 380 V: (a) Torque versus time; (b) torque versus speed.

The red line in Figure 7b shows the motor speed waveform at the rated voltage
when starting with the valve closed (Syue = 0.25 - S). In this case, the motor successfully
synchronizes, reaching a steady speed of 1500 rpm in approximately 3.5 s. After the opening
of the inlet vanes (load surge) at the time t = 4 s, the speed first decreases to 1493 rpm. Then,
after 0.5 s, the synchronous speed of 1500 rpm is restored.

The blue line in Figure 7b shows the speed waveform with a voltage drop of 1%. In
this case, the motor still starts successfully, although the start time is slightly longer. The
green line shows the speed waveform with a voltage drop of 2%. In this case, although the
motor reaches 1500 rpm, it then falls out of synchronism, and the process of being pulled
in and out of synchronism is periodically repeated. After a load surge at time t =4 s, the
motor starts to operate in an asynchronous mode without reaching the synchronous speed.
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Figures 8-10 show the current, flow, and pressure transients at various valve positions
at the rated supply voltage. Figure 8a shows a waveform of the phase current of the motor
during the failed synchronization. In this case, the steady current amplitude is variable and
depends on the instantaneous speed. The maximum instantaneous current of the LSPMSM
in the quasi-steady state is 10.5 A, which exceeds the current amplitude during normal
operation by 6.7 times (10.6/1.56 = 6.7, see below). With the prolonged operation, such a
current will certainly lead to the failure of the motor. Figure 8b shows the current waveform
with the valve closed during the start-up. In this case, the start and synchronization take
3.5 s. The amplitude of the steady current after the synchronization is 1.44 A. After opening
the valve, the amplitude of the current increases to 1.56 A.

Figure 9a shows the waveform of the fan volumetric air flow with the inlet vanes
fully open. Since the flow is proportional to the fan speed (1), this transient follows the
motor speed waveform, which also takes place due to the low inertia of the gas. The flow
has a quasi-steady oscillatory character with a maximum of 4809 m3/h, a minimum of
4408 m3/h, and an average of 4609 m?/h. Figure 9b shows the waveform of the flow with
the valve closed during start-up. The flow rate gradually increases from 0 to 1600 m3/h
as the motor accelerates to its synchronous speed. As noted above, the presence of the
non-zero flow rate at a fully closed valve is an assumption of this model, made due to
the lack of information about the fan braking torque at lower flow rates, which does not
affect the main conclusions of the article. After opening the valve, the flow through the fan
increases several times up to 5000 m?/h. Opening the valve after the motor has reached a
synchronous speed causes a step change in the flow. This step response is due to the low
inertia of the gas.

Figure 10a shows the fan pressure rise waveform with the valve open. Due to the
quadratic dependence of pressure on the fan speed (2), this transient follows the motor
speed waveform but has a large amplitude of the oscillatory component. The maximum
value in the quasi-steady operation is 146.67 Pa, the minimum is 125.67 Pa, and the average
is 136.17 Pa. Figure 10b shows the waveform of the pressure with the valve closed during
start-up. Opening the inlet vanes causes a stepwise decrease in the pressure. The steady
pressure before opening the valve is 335 Pa, and after opening it is 160.61 Pa.

Figures 11-14 show plots of the motor torque versus time and speeds for the various
cases under consideration.

0 200 400 600 800 1000 1200 1400 1600 1800
n,rpm

(a) (b)

Figure 13. LSPMSM torque with fully closed valve, 376 V: (a) Torque versus time; (b) torque versus speed.

Figure 11 shows the torque waveforms with a fully open valve and a 380 V supply
voltage. Since the LSPMSM operates in an asynchronous mode due to unsuccessful syn-
chronization, the torque has a large oscillatory component with a maximum of 13.1 N-m, a
minimum of —11.87 N-m, and an average of 0.62 N-m. In this case, the presence of torque
and speed oscillations (see the speed waveform in Figure 7a and the torque waveform in
Figure 11a) is due to the fact that the LSPMSM operates in an asynchronous mode. During
the initial startup phase, the LSPMSM runs in an asynchronous mode. In this mode, the
positive torque, due to which the motor accelerates, is the asynchronous torque of the short-
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circuited cage, and the magnets create an oscillatory alternating torque. If the moment of
inertia is too large, the speed oscillations are smoothed out, and the LSPMSM operates with
some slip, similarly to an asynchronous motor, i.e., does not reach the synchronous speed.

T,N'm

I 40
30
wlnnm

; 10 ”, 7 4\

g HI )
—-10

0 1 é :1 5 0 260 460 660 860 1060 12I00 14I00 16I00 1800
ts n,rpm
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Figure 14. LSPMSM torque with fully closed valve, 372 V: (a) Torque versus time; (b) torque versus speed.

If the inertia is not too large or the load torque is low, the speed oscillations caused by
torque oscillations increase. If the speed oscillations are sufficient to achieve a synchronous
speed (as in the case shown in Figures 7b and 12a), then the synchronization process begins.
In this process, the motor first overshoots the synchronous speed (see Figure 7b, red and
blue lines at t ~ 3 s) and then settles down, i.e., the speed stabilizes and becomes equal
to the synchronous speed. The critical moment of inertia of the loading mechanism (the
moment of inertia of the loading mechanism at which an LSPMSM is able to start at the
rated load torque) is indicated in the catalogs of mass-produced LSPMSMs [14,15].

Figure 12 shows the torque waveform with the valve closed at start-up. After suc-
cessful synchronization, the motor torque has a constant value. The steady torque before
opening the valve is 3.91 N-m and is 4.9 N-m after opening the valve. Figures 13 and 14
show torque plots for starting the motor with the fully closed valve at 1% and 2% voltage
drops, respectively.

6. Conclusions

In this study, a mathematical model was developed to investigate the starting per-
formance of a line-start permanent magnet synchronous motor (LSPMSM) as part of an
industrial centrifugal fan drive. This mathematical model evaluated the critical moment of
inertia and the static torque of the loading mechanism, exceeding which makes successful
synchronization during the start-up process impossible.

The simulation was carried out using the parameters of a 0.55 kW 1500 rpm LSPMSM
and a serially produced fan. The comparison of dynamic processes and simulation results
of the motor start-up in a fan drive with and without air flow control by inlet vanes was
carried out. It was shown that closing the inlet valve at start-up facilitates synchronization
of the LSPMSM and increases the maximum moment of inertia at which the fan starts
successfully.

When the fan moment of inertia is high (exceeding the critical moment of inertia of the
motor), which cannot be reduced by a belt drive, and the static load torque is close to the
rated one, the LSPMSM cannot successfully synchronize. Long-term operation of LSPMSMs
in asynchronous mode leads to large current overloads, overheating, and, ultimately, motor
failure. Therefore, the asynchronous mode is unacceptable for the long-term operation of
LSPMSMs.

However, as shown by the simulation results presented in the article, in this case,
successful synchronization can be achieved by throttling the fan duct. Closing the inlet
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valve at start-up contributes to the successful synchronization of the LSPMSM. After the
motor start-up, the valve can be opened again.

The results of this study can be used to select a more energy-efficient fan drive motor,
even if the starting characteristics of the motor specified in the manufacturer’s catalog are
not satisfactory for a given application. In future works, the start-up of fluid-processing
mechanisms employing direct-on-line synchronous motors at reduced voltages and with
long cable lengths will be investigated.
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